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SUMMARY 
A study of mass transfer in the entrance region of a i.6o inch 
diameter tube was conducted. The inside surface of the tube was coated 
with a solid material., either naphthalene or para-dichlorobenzene , 
wh'-Cn sublimed into a laminarly flowing air stream. The system con-
sisting of the air and pipe was maintained at constant temperature 
during a test run, 
o 
Experimental runs were conducted for naphthalene at 30.9 C'3 
38.2~C, and 50.0 C5 and for para-dichlorobenzene at 30.9 0. Reynolds 
numbers of approximately 500, 1000 , and 1500 were employed for the 
naphthalene runs, and of approximately 750 and 1500 for para-dichloro-
benzene , For each temperature and Reynolds number, runs were conducted 
for three pipe positions; horizontal; vertical with upflow, and at 45 
inclination with upflow„ 
The test pipe was 8.1-1/4- inches in length and was made up of 
Short threaded sections of pipe. Thirteen 2-inch long test sections 
were spaced intermittently between longer sections over the length of 
the pipe. Mass transfer /"ales were determined from weight loss measure-
ments on the 2-inch long test sections. From the data collected, local 
average molar flux at the wail-, local Nusse.lt numbers for mass transfer 
and logarithmic mean Nusselt numbers for mass transfer were calculated, 
Concentration profiles near the exit end of the pipe were mea-
sured during several of the naphthalene runs. The profiles were obtained 
using a method developed during this study whi h employed a gas chroma-
XI1 
tograph equipped with an Ionization detector system. Gas samples were 
withdrawn from the test pipe using a. heated hypodermic syringe. 
A theoretical solution assuming constant physical properties was 
obtained for the equations describing mass transfer in the laminar en-
trance region„ The solution was obtained by numerically solving the 
continuity, momentum and diffusion equations using an implicit differ-
ence technique that advanced step-wise down tne tube. Terms involving 
radial velocity were included in the equations,, The numerical calcu-
lations necessary to obtain the solution were made on a Burroughs B-5500 
digital computer. 
The experimental results for all test runs showed higher mass 
fluxes and man-: transfer Kusselt numbers than predicted by the theoreti-
cal solution. In general, the agreement was better near the pipe en-
trance with deviations increasing further down the pipe. For the naph-
thalene runs, it was found that agreement with the theoretical solution 
improved markedly with decreasing temperature„ The para-dichlorobenzene 
runs at 30„9 C showed much larger deviations from the theoretical than 
the naphthalene runs at the same temperature. Apparently the lack of 
agreement between the theoretical and the experimental results is caused 
by free-convection curre'i;5 initiated by density differences between 
tne fluid near the wall and the fluid near the center of the pipe. 
Near the end of the pipe, log mean Nusseit numbers were found to 
be approximately 60 per cent above the theoretical for naphthalene at 
50„0"'0, ho per cent above for naphthalene at 38° 2 C, and 2.0 per cent 
c o 
above for naphthalene at 30,9 0. Para-dichlorobenzene at 30.9 0 showed 
deviations of about 60 per cent. Over the range tested., pipe inclination 
Xlll 
was found, to have little effect on the overall mass transfer rates. A 
tendency for the runs made at higher Reynolds numbers to give higher 
transfer rates was noted for all inclinations and temperatures; however, 
the effect was usually small. 
The effect of pipe inclination was more readily seen by consider-
ing local results. Local Nusselt numbers for vertical and h^ angle 
runs showed generally better agreement with theory than those for the 
horizontal case; however, the horizontal runs showed better agreement 
close to the pipe entrance. Except at axial locations close to the en-
trance, deviations of over 100 per cent were quite common for the local 
Nusselt numbers obtained during high Grashof number runs. These runs 
were naphthalene at 50.0 C and para-dichlorobenzene at 30,9 C. Best 
agreement Ln local values occurred for naphthalene at 30.9 C3 but even 
for this case local results were frequently over 30 per cent above the 
theoretical results, 
Local mass fluxes measured for the horizontal runs with naphtha-
lene at 50o0 C were compared to similar results obtained by Bosworth (6). 
Fluxes near the pipe entrance were found to be considerably lower than 
those determined by him. Further down the pipe, the results of this 
study were higher than those measured by Bosworth at corresponding 
positions. The negative mass fluxes reported by him at certain axial 
locations were not found to occur in any of the test runs conducted dur-
ing this study, 
An attempt was made to correlate the experimentally determined 
log mean Nusselt numbers for mass transfer using available heat transfer 
expressions which cozisider free-convection. An equation presented by 
X1V 
Jackson, Spuriock and Purdy (l6) which is based on heat transfer data 
obtained in the laminar entrance region of a horizontal pipe was found 
to fuve good agreement for the higher Grashof number horizontal mass 
transfer runs. For the lower Grashof number runs, the equation predict-
ed results which were toe high. No success was had in correlating the 
results for the vertical runs. For these runs, free-convection and 
forced-convection were acting in opposite directions. All available 
heat transfer correlations predict the effect of opposed free- and 
forced-convection to be a reduction in Nusselt number from the theoreti-
cal. value. The experimental mass transfer runs for the vertical case 
resulted in higher than theoretical Nusselt numbers. 
The experimental concentration profiles showed generally higher 
concentrations than predicted by the theoretical solution. Agreement 
was fair near the wall, but the center of the pixje was found to have con-
siderably higher concentrations than theoretically predicted. Experi-
mental profiles for the horizontal runs exhibited skewness, sometimes 
above and sometimes below the centerline. The one profile obtained for 
a vertical run was found to be quite symmetrical. These results seem 
to verify the finding from the weight loss measurements that free con-
vection is significant ovei the range of variables studied. 
XV 
NOMENCLATURE 
In this tabulation., dimensions are given in terms of mass (M) , 
length (L)3 time (t), and temperature (T). Equations referred to are 
defining equations in the body of the text. 
Symbol Definition 
c heat capacity at constant pressure per unit 
p 
2 2 
mass j L /t I 
C total molar concentration, moles/L 
Q 
C molar concentration of species A3 moles/L 
C molar concentration of species B, moles/L" 
C. dimensionless concentration of species A, 
equation (2-12) 
C dimensionless bulk concentration of species 
b 
4VB 
A, equation (2-20) 
2 
inary diffusivity of system A-B, L /t 
pipe diameter, L 
0 experimentally determined average pipe diameter 
Definition 
gravitational acceleration, L/t 
3 
heat transfer coefficient, M/t T 
thermal conductivity, ML/t' T 
2 
mass transfer coefficient, moles/tL 
2 
local mass transfer coefficient, moles/tL , 
equation (2-l6) 
length of pipe, L 
molecular weight of species A, M/mole 
molecular weight of species B, M/mole 
2 
molar flux of species A at pipe wall, moles/L t 
2 
molar flux of species B at pipe wall, moles/L t 
, .2 
pressure, M/Lt 
dimensioniess pressure, equation (2-ll) 
radial distance, L 




T absolute temperature 
u axial velocity, L/t 
Greek Symbols 
average axial velocity, L/t 
dimensionless axial velocity, equation (2-7) 
radial velocity, L/t 
dimensionless radial velocity, equation (2-8) 
2 
VP vapor pressure, M/Lt 
X mole fraction, dimensionless 
X mole fraction of species A, dimensionless 
axial distance, L 
dimensionless axial distance5 equation (2-10) 
(3 coefficient of thermal expansion, l/T 
Q concentration coefficient of volumetric 
expansion, dimensionless 
\i viscosity, M/Lt 
Symbol Definition 
2 
kinematic viscosity, (IVP) 5 ̂  A 
Q 
fluid density, M/L 
0) molar mass transfer rate of species A, moles/t 
Dimensionless Groups 
2 3 2 
Gr Grashof number for heat transfer, p [3gD (AT)/V 
2 Q 2 
Gr Grashof number for mass transfer, p £gD (AX )/u, 
Nu Nusseit number for heat transfer, hD/k 
Nun_ Nusselt number for mass transfer, k D 
AB ' x 
Pr Prandtl number, c uyk 
> pr-/ 
Re Reyno lds number , uD/u 
Sc Schmidt number, u/j^} 
AJj 
Subscripts 
am arithmetic mean value 




axial location of mesh point 
radial location of mesh point 
logarithmic mean value 
mean or average value 
quantity evaluated at pipe inlet 




In the design of experimental models to obtain mass transfer 
data, the use of a solid material which sublimes into an air stream 
has often been found convenient. The mass transfer rate in such, a 
system is easily determined either by direct weight loss measurements 
or by determining thickness changes in the material, called "profilo-
metric techniques." Of the subliming materials available for use in 
such models, naphthalene is by far the most often used (1,2,3,^,5)-
One of the ma/jor reasons for its widespread use is its rate of subli-
mation near room temperature, which is high enough to allow accurate 
determination of mass transfer rates but low enougl that dimensions of 
the test piece are not significantly changed over normal testing periods. 
The rate of sublimation is also an important consideration in the design 
of mass transfer models to represent analogous heat transfer situations. 
The relatively low rate of sublimation of naphthalene allows its use 
in such cases without the analogy to heat transfer being lost. Other 
factors, such as cost, ease of machining and casting, and fairly well 
determined pnysical properties, also make it attractive for use in 
experimental studies. 
The present study stems from mass transfer experiments involving 
naphthalene which were performed by Bosworth (6) in 1962. Bosworth 
measured mass transfer rates to laminarly flowing air in the entrance 
region of a 2 inch diameter, constant temperature, horizontal pipe. 
The interior surface of the pipe was coated with naphthalene. The 
experiments covered the range 50 C to 60 C with Reynolds numbers 
between 500 and 2000. Using a profilometric technique based on the 
output of a strain gage attached to a tracer arm, the mass transfer 
rate was determined as a function of axial and angular position. 
The results were compared to a theoretical solution obtained 
numerically in a manner similar to that presented by Kays (7) for 
laminar heat transfer in the entrance length of a tube with constant 
wall temperature. The velocity profiles of Langhaar (8) were used in 
an explicit difference scheme which advanced stepwise down the pipe. 
In the solution of the diffusion equation, the effect of the radial 
velocity term was neglected. 
Near the entrance, Bosworth's experimental results were generally 
higher than the predicted values with deviations of up to 60 per cent. 
A sharp drop off in mass flux was also detected at certain axial loca-
tions and, once this occurred, subsequent fluxes were much less than 
theoretical and in some cases became negative. Local fluxes were 
also found to be strongly dependent on angular position with the bottom 
of the pipe showing higher fluxes. 
The purpose of this study was to re-examine the system studied 
by Bosworth using a different measuring technique. Since free con-
vection was considered to be a likely cause of the difference between 
theoretical and experimental results, it was decided to extend the 
experiments over a wider temperature range, and, in addition, study 
the effect of pipe inclination on the results. It was also deemed 
desirable to develop a concentration measuring technique to determine 
3 
concentration profiles in the air stream. It was felt that a knowledge 
of the profiles might aid in explaining some of the results obtained 
from the measured mass fluxes. To determine if the discrepancy between 
the theoretical and experimental results found by Bosworth (6) was 
caused by some characteristic peculiar to naphthalene, some experiments 
using another subliming solid, para-dichlorobenzene, were conducted. 
Because considerably more computer capability had become avail-
able since the time of Bosworth's theoretical solution, it was decided 
to obtain a new theoretical solution which included the radial velo-
city terms. Before the new solution was obtained, two theoretical 
studies (9, 10) were completed which show that radial velocity terms 
do have a significant effect on entrance length heat transfer calcu-
lations . 
It was roped that through this study additional knowledge would 
be obtained which would allow more confident use of experimental mass 
transfer results obtained from subliming solid materials. It is 
necessary to develop this confidence by studying systems which are 
amenable to theoretical analysis before moving on to the more diffi-
cult (though industrially more important) problems for which theoreti-
cal solutions are not available. 
CHAPTER II 
MATHEMATICAL MODEL 
The system under consideration consists of the interior of a 
cylindrical pipe of diameter D and length L. The interior surface of 
the pipe is made of a subliming solid material, A. A fluid, B, enters 
the pipe at z -- 0 with uniform axial velocity u and zero radial velo-
city. As the fluid flows down the pipe, its velocity changes toward 
a more developed profile while simultaneously A diffuses into B. 
The following assumptions concerning the above system are made: 
(1) The flow is laminar and steady. 
(2) The system consisting of the fluid and the solid surface 
is isothermal. 
(3) The conditions are such that the ideal gas law applies. 
(h) The concentration of A at the interior surface, C , is 
constant and equal to the concentration corresponding to saturation at 
the temperature of the system. 
(5) The concentration of A in the fluid at z = 0, C , is 
Ao 
uniform. 
(6) The axial velocity, u, is zero at the solid surface. 
(7) The fluid is Newtonian and of constant viscosity. 
(8) The density, total molar concentration, and binary dif-
fusivity of the system are constant. 
(9) There are no body forces on the fluid and angular symmetry 
5 
is attained. 
(10) Pressure is a function of axial position only. 
(11) Momentum and mass transfer by diffusion in the z-direction 
are negligible. 
(12) There is no significant change in the diameter of the 
pipe due to loss of material at the surface. 
Under the above assumptions, the equation of motion in the z-
direction is: 
du du -1 dp 
u T— + v -— = — ~ + u 
dz dr p dz 
6 u 1 du 
-,2 r dr 
dr 
(2-1) 
The equation of continuity is: 
r du d (vr) + —^ L. 
dz dr 
= 0 (2-2) 
The equation of continuity of material A is: 
3CA 3CA A 
dz dr AB 
a \ 1 S CA 
+ — dr 2 r dr 
(2-3) 
The following boundary conditions are applicable to equations (2-l) 
(2-2), and (2-3): 
(l) u(r,0) = u 0 ̂  r < r 
w 
(2) v(r,0) = 0 0 <: r < 
(3) u(r ,z) = 0 z > 0 
w 
(1|) f* ( ° ' Z ) = 0 
dr 
z > 0 
(5) CA(r,0) = C A Q 0 <: r < r 
^6) CA<VZ> = °A, Z>° 
dC (0,z) 
(7) ̂  = 0 Br z > 0 
Equations (2.-1), (2.-2), and (2-3) and their boundary conditions 




a2u l su 
. 2 + R dR 
oK 
(2-U) 
dU d(VR) _ 
R dZ + ̂ iT " ° (2-5) 
dR dZ Sc 
2 * 
a c l sc 
dR2 + R dR 
•x-
(2-6) 
(BC i; U(R,0) = 1 0 <: R < 1 
(BC 2\ V(R,0) = 0 0 <. R < 1 
(BC 3: U(l,Z) = 0 Z > 0 
(BC W 
SU (0,Z) 
BR Z > 0 
(BC 5: * C (R,0) = 0 o <; R < i 
(BC 6) C* (1,Z) = 1 Z > 0 
(BC 7) £
 ( ° ' Z ) = 0 Z > 0 
Definitions of variables used in converting equations (2-1), 
2-2), and (2-3) to (2-k), (2-5), and (2-6), respectively, are: 
U = - (2-7) 
r v 
V = -2- (2-8) 
R - f - (2-9) 
"W 





P =^32 (2"11) 
C % ^ (2-12) 
Aw Ao 
Sc = -2— (2-13) 
o© AB 
Due to the assumptions concerning constant physical properties, 
equations (2-^-), and (2-5) are almost independent of equation (2-6). 
However, a connection between the equations exists because the dimen-
sionless radial velocity at the wall V (Z) is related to the molar 
w 
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wall flux. 1\" by 
Aw 
M r N 
v (Z) = _Aj^Aw (2_lU) 
w pv 
and N„ is dependent upon the concentration gradient at the wall, which 
Aw 
is determined by equation (2-6). 
Assuming the solubility of B in solid A is negligible, X « 1, 
and constant molar density, lick's first law of diffusion can be used to 
obtain an expression for the molar flux of A at the wail 
= - ̂ AB^Aw - °Ao/ b(f 
Aw r SR 
w 
R = l.Z (2-15) 
A numerical solution to equations (2-4), (2-5), and (2-6) using the 
appropriate boundary conditions and equations (2-14) and (2-15) was obtain-
ed using finite difference techniques. A detailed discussion of the 
methods used in obtaining the solution is presented in Appendix A. In 
general, the method consisted of a marching procedure in which the solu-
tion was advanced stepwise down the pipe. At each new step, an initial 
value for V (Z) was assumed and difference representations of equations 
w 
(2-4) and (2-5) were solved for U and V as functions of radial position. 
These values were then used in a difference representation of equation 
t r\ * 
(2-6) to solve for C at each radial position. From the known values of 
-x-
C , the concentration gradient at the pipe wall was evaluated and equa-
tion (2-15) was solved for AT . This was then used in equation (2-l4) to 
calculate a new value for V (Z). The procedure was repeated until succes-
w 
sive values of V (Z) varied by less than 2 per cent. 




N - X (N + W ) 
Aw Awv Aw Bwy 
XAw " XAb 
2-16) 
Assuming X„ « 1 and N is zero (B not soluble in A) equations 
Aw Bw 
2-l6) and (2-15) may be combined to give 
k 
AB^°Aw CAo'dC* 
x ,loc r X. - X., ) dR 
w Aw Ab 
R = 1,Z (2-17) 
Xni is the bulk or cup-mixing mole fraction of A in the mixture of A Ab 
and B. Since C = C X , equation (2-17) can be written 
Pi -M. 
k x,loc 
•*3"ABC(CAw " CAo) SC 
~R (CT - CA1 ) SR 
w Aw Ab 
-x-
R = 1,Z 2-18) 
or 
k 
J-c AB dC' 
r (1-C*) dR 
w b 
R - 1,Z 2-19) 
In equation (2-19), C is the dimensionless bulk concentration 
d e f i n e d a s 
C - C 
* = Ab Ao 
"° == CAw " CAo 
,2TT 
o J o 
U(R ;Z)C (R?Z)RdRdG 
>2TT r l 
(2-20) 
U(R?Z)RdRd6 
0 ^ 0 





•T\T ,\ X,l0C 
NVloc = ^^7 
(2-21) 
Substituting equation (2-19) into (2-21), and noting that D = 
2r , the local Nusselt number can be expressed in terms of dimension-
w 
less quantities as 
'^AB^oc 
, dC 
2 I BR R = 1,Z 
2-22) 
1 - C 
b 
The logar i thmic mean Nussel t number for mass t r a n s f e r for a 
tube of l eng th L i s 
L 
IuAB>lm-f ) ( N , W l o c d Z 
o 
2-23) 
The average mass transfer coefficient k obtained from 
x,m 
x,m 
( M Vi m
c A B 
D 
2-2k) 
can be used to evaluate the total molar mass transfer rate from a 
cylindrical tube of length L by the equation 
^ " ^ . m ( " D L ) ( A V i m 
2-25' 




(XAW- V z = 0 X - X., ) Aw AV z = L 
In 
X w " XAo' 
2-26) 
z = 0 
X Aw \ ^ z = L 
For use in the correlation of the experimental results, a theoretical 
Grashof number for mass transfer was calculated. The Grashof number 
for mass transfer, based on tube diameter, is defined (ll) as 
Gr_ = P2 U B3 (AX,) / \? 
"AB A 
(2-27) 
where the concentration coefficient of volumetric expansion Q is 
e = - ^ S p P V dX, 2-28) 
A' T 
Assuming constant total molar concentration, the Grashof number 
based on the logarithmic mean concentration difference may be repre-
sented by 
&AB " PgI>3 (MA - V (AVlm/ y? (2-29) 
where (ACn)_, is defined analogously to (AX.)., in equation (2-26' 
A lm A 'lm 
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CHAPTER III 
EXPERIMENTAL EQUIPMENT AND INSTRUMENTATION 
The experimental equipment used in conducting the mass trans-
fer runs is first described. During several of the mass transfer 
runs, concentration profiles within the pipe were also determined. 
The equipment used to measure concentrations is discussed In the 
second section of this chapter. 
Mass Transfer System 
General 
The mass transfer system consisted of a test pipe coated on 
the inside with a subliming material, an air supply system which de-
livered a measured quantity of dry air at a constant rate, an inlet 
plenum chamber to give the desired velocity profile at the pipe inlet, 
and a heating system to maintain the air and test pipe at a constant 
temperature. The subliming material used was either naphthalene or 
p-dichlorobenzene. A schematic diagram of the mass transfer system is 
shown in Figure 1. 
Test Pipe 
The test pipe was an assembly of small sections made from standard 
2 inch brass pipe. The test sections were threaded on each end and 
assembled as shown in Figure 2. When assembled, the test pipe was 8l-l/U 
inches in length and consisted of fourteen 2-Inch long sections, six 
:^-l/8 inch long sections and one 6-1/2 inch long section. The order of 

























Figure 2. Typical Test Section Assembly 
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Figure 3- Arrangement of Test Sections 
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arrangement of these sections in the test pipe is shown in Figure 3. 
The first section in the pipe was machined to an inside diameter 
of 2.063 inches for a depth of 0.375 inches to allow for a slip fit 
over the exit section of the plenum chamber. A O.063 inch diameter 
hole was drilled through the wall near the center of each of the lar-
ger sections to allow for insertion of thermocouples or of a gas sampl-
ing probe. A coating of naphthalene or p-dichlorobenzene was applied 
to the interior of each section by a casting procedure. The inside 
diameter of the cast coating was initially 1.59 inches. When assembled, 
the pipe presented a smooth coating of solid material over its entire 
interior surface. 
A supporting frame was constructed of 1-1/2 x 1-1/2 in. slotted 
angle iron to accommodate the test pipe and the inlet plenum chamber. 
The frame was designed such that the axis of the test pipe could be 
maintained horizontal, vertical or h^> from the horizontal. For the 
^5 position, a second supporting structure made from 2 x h inch lumber 
was also used. 
Figures h, 5? and 6 show the test pipe and its supporting struc-
ture in the three positions mentioned above. 
Air Supply System 
Air used in all tests was obtained from a compressed air source 
located in the Chemical Engineering Building. The air was first passed 
through two Model 17, Rockwell Manufacturing Company pressure regulators 
connected in series. The regulators were manually adjusted to give the 
desired flow rate. The air then passed through a packed column U-l/2 
inches in diameter and 16 inches deep containing l/8 inch pellets of 
1 \ p -J 
f i 
I ~ ^ W ^ # # B 
^ K '' B̂--̂ *̂ 
K » ^ --•. 
J Hj 




Figure 4. Test Pipe in Horizontal Position. 
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Figure 5. Test Pipe in Vertical Position 
Figure 6. Test Pipe at 45 Inclination 
Linde Type 5A Molecular Sieve material. The packed column served to 
dry the air and also remove any entrapped oil. 
The air next passed through two Fisher and Porter flowrators 
connected in parallel. Each flowrator had a capacity of 1.3 SCFM at 
1 atmosphere and 70 F. The flowrators were used primarily as an aid 
in adjusting the air flow rate. 
The air flow was measured by means of a Rockwell Model S dry gas 
meter having a capacity of 150 cubic feet per hour. Pressure of the 
air passing through the meter was measured with a mercury filled U-tube 
manometer. From the dry gas meter, the air passed into a preliminary 
heater. 
The preliminary heater consisted of a coil of approximately 20 
feet of 3/8 inch O.D. copper tubing wrapped with a layer of electrical 
heating tape and two layers of asbestos tape insulation. A 115 volt 
variable transformer was used to supply power to the preliminary heater. 
The air then passed through one of two ASCO Model 82653R sole-
noid valves. The valves were arranged so that one acted as a by-pass 
and directed the air out of the test system while the other allowed the 
air to pass into the inlet plenum chamber. The solenoid valves were 
connected to a power source through separate switches so that each 
could be operated independently, 
The air supply system downstream of the pressure regulators was 
made using 3/8 inch O.D. copper tubing with flared or compression type 
brass fittings. The system was tested for leaks by applying a soap 
solution around each joint. 
Inlet Plenum Chamber 
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The inlet plenum chamber consisted of an airtight insulated box, 
10 x 10 x l6 in., made from l/8 inch aluminum plate. At one end of the 
chamber, incoming air passed through a 3/8 inch O.D. brass fitting and was 
deflected 90 ^Y u s e of a tee. As the air flowed through the chamber, 
it was caused to pass in series through a layer of electrical heating 
tape and a section of l6 mesh aluminum wire screen. These were sup-
ported by a metal frame across the entire cross-section of the chamber. 
The tape was connected to a variable transformer and was used as a 
final air heater. The purpose of the screen was to insure mixing of 
the heated air and provide more constant velocity across the chamber. 
The outlet section of the chamber was provided with a bell-shaped 
opening having a throat of 1.875 in. diameter with the flared section 
having a one inch radius of curvature. This was similar in design to 
the opening used by Bosworth (6) and its purpose was to give as flat a 
velocity profile as possible at the pipe entrance. 
A copper-constantan thermocouple was suspended in the center of 
the chamber approximately two inches away from the bell-shaped opening. 
It was used to determine the temperature of the inlet air to the pipe. 
All joints in the chamber, and the holes through the chamber 
walls which were necessary for electrical connections, were sealed with 
epoxy cement. The top of the chamber was removable and was held in place 
by a flanged connection using a one inch wide rubber gasket. The chamber 
was insulated on all sides using one inch thick polyurethane foam insu-
lation attached to the outside. 
The outlet side of the plenum chamber was made to slip inside 
the first section of the test pipe to a depth of three-eighths of an inch. 
During preliminary tests, no leakage could be found at this joint. 
Since the inside diameters of the throat of the hell-shaped opening 
and the coated test pipe were not equal, several brass inserts were 
made which could be slipped into the throat and thus give a smaller 
diameter. These inserts had inside diameters of 1.60, 1.65, 1-70, and 
1.75 inches, respectively, and, during testing, the one which more 
closely matched the inside diameter of the first section of the test 
pipe was used. 
Heating System 
The test pipe was maintained at the desired operating tempera-
ture by the use of six heaters made from one inch wide electrical 
heating tape. Each heater was approximately 13 inches long and 9 inches 
wide and encased in a bag made of heavy cotton duck which provided 
electrical insulation between the pipe and the heater. 
The voltage to each heater could be controlled independently by 
the use of six small variacs connected to a larger variac as a common 
source. The larger variac was used to reduce the line voltage to about 
J+0 volts. Since the voltage requirement for each heater was about 15 
volts, the smaller variacs could be operated near the midpoint of the 
full range and finer voltage adjustments were possible. 
During operation, each heater was wrapped completely around the 
pipe and the pipe was covered over its entire length. The heaters 
were held in place against the pipe by wrapping over them a piece of 
one inch thick fiberglass insulation. The insulation was encased in 
four fabric bags having one inch wide Velcro seams sewed to the edges 
running lengthwise. The use of this type insulation enabled the test 
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pipe to be mounted in place or disconnected quickly and easily and also 
provided convenient passage for thermocouples through the insulation. 
Temperature Measurements 
In addition to the thermocouple located in the plenum chamber, 
seven thermocouples were inserted through the pipe wall approximately 
equidistant down the length of the pipe and one was inserted approxi-
mately four inches from the exit of the test pipe. All thermocouples 
used were 2k gage copper-constantan wrapped in thermoplastic insulation. 
The thermocouples spaced along the length of the test pipe were 
inserted through l/l6 inch holes drilled through the large test sections. 
They were placed as closely as possible to the solid-air interface by 
sighting down the test pipe. 
A sealing arrangement was made to prevent air leakage through 
the thermocouple ports and yet provide for convenient assembly and dis-
assembly. This arrangement consisted of passing each thermocouple 
through a 3/l6 inch diameter by 1/8 inch disc of rubber septum material 
and then inserting the disc in a 3/l6 inch diameter hole drilled out 
through most of the pipe wall above the thermocouple port. 
The exit thermocouple was used to measure the exit air tempera-
ture and was placed near the axis of the pipe. All thermocouples were 
referenced to an ice-water bath and were connected by means of an 11 
channel thermocouple switch to a 0 to 5 millivolt Leeds and Northrup 
Speedomax H recorder. Using this arrangement, thermocouple readings 
could be taken very quickly and it was possible to see at a glance if 
any of the thermocouples deviated from the desired temperature reading. 
Figure 7 shows the test pipe mounted in the frame with the 
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Figure 7. Test Pipe and Thermocouples with Insulation Open 
thermocouples in place and the insulation open. 
Concentration Measuring System 
General 
The concentration measuring system was used to determine concen-
tration profiles within the test pipe. A sampling system consisting 
of a heated hypodermic syringe and spacers was used to withdraw gas 
samples at known locations in the pipe. A detection system employing 
a gas chromatograph and associated equipment was used to analyze the 
samples. 
Sampling System 
Gas samples were taken in a 1 cc glass syringe equipped with a 
2 inch long, 25 gauge stainless steel needle. Since preliminary investi-
gations indicated that reproducible results could not be obtained unless 
the syringe was heated above about 175 C, a heating unit for the syringe 
was constructed. This unit consisted of a k-l/k inch section of l/2 inch 
brass pipe wrapped with electrical heating tape and asbestos insulation. 
A variable transformer was used to supply electrical power to the heater. 
The pipe was large enough to allow the syringe and an iron-constantan 
thermocouple, used to measure temperature, to be inserted into it. 
Gas samples were obtained by inserting the needle through rubber 
septurns fitted in holes drilled in the test pipe. Spacers placed 
between the pipe wall and the top shoulder of the needle were used to 
control the depth of insertion. The spacers were l/2 inch diameter 
stainless steel discs with l/l6 inch diameter holes drilled through the 
centers. They were machined to thicknesses of 0.063, 0.125, 0.250, 0.500 
and 1.000 inches. Other thicknesses were obtained by stacking two or 
more of the spacers. The needle was inserted through the l/l6 inch 
diameter holes in the spacers and then into the rubber septum. 
It was found that a 0.750 inch spacer located the end of the 
sampling needle exactly on the pipe centerline. Thus, by knowing the 
amount of spacer used to obtain a particular sample, the location of 
the tip of the needle from the pipe centerline could be easily calcu-
lated. 
Detection System 
The gas samples were analyzed for naphthalene content using a 
Perkin-Elmer Model 8l0 gas chromatograph. This unit is equipped with 
dual columns and a flame ionization detector system. A Sargent Model 
SR recorder with a 0 to 1 millivolt range was used to record the output 
signal from the chromatograph. High purity hydrogen and air were used 
to maintain the flame in the detector system. Nitrogen was used as the 
carrier gas. 
Preliminary tests on naphthalene-air mixtures using packed 
columns coated with SE-30 silicone gum rubber and with carbowax showed 
an excessive amount of "tailing" of the naphthalene peak. This made 
determination of the area under the peak, which is proportional to the 
amount of naphthalene injected, quite difficult. Also, determining 
the amount of sample injected using the heated syringe presented 
problems. For these reasons, the use of columns containing a stationary 
liquid phase was abandoned and columns packed with fine glass beads 
were installed. These columns were 3 foot long sections of l/8 inch 
diameter copper tubing. Calibration tests showed that this arrangement 
gave peaks whose height was proportional to naphthalene concentration 
over the range of interest. The height of these peaks was also insensi-
tive, over a wide range, to the amount of gas injected. 
The columns were operated at 200 C with the injector at about 
300 C. The flow rates used were approximately those recommended by the 
manufacturer. These were set using pressure regulators attached to the 
gas cylinders. As the flow rates probably varied from day to day, a 
new calibration was made for each run. 
CHAPTER IV 
EXPERIMENTAL PROCEDURE 
In this chapter the experimental procedures used in conducting 
the mass transfer runs are presented. During several of these runs, 
concentration profiles within the pipe were measured. The procedures 
used in obtaining the concentration profiles are also discussed. 
Mass Transfer Procedures 
General 
The experimental procedures used were essentially the same for 
all pipe inclinations. The procedure for a typical run consisted of 
the following steps: 
(1) Casting a coating of the solid subliming material inside each 
section of the test pipe. 
(2) Determining the physical dimensions of the system necessary 
for reduction of the test data. 
(3) Initial weighing of the smaller test sections. 
(h) Conducting a warm-up period to bring the system to operating 
temperature. 
(5) Conducting the test run by passing air at a known flow rate 
through the test pipe for a measured period of time while maintaining 
all temperatures at a constant predetermined value. 
(6) Reweighing the smaller test sections at the end of the run. 
(7) Determining a correction term to be applied to account for 
mass transfer losses not associated with the actual runs. 
(8) Reduction of the test data. 
While not every step above was taken for every run, this was the 
general procedure followed. A detailed description of each step is 
given in the following sections. 
Casting Method 
All test sections were initially washed with soap and water, 
rinsed with methyl-ethyl ketone and dried. A mold, shown in Figures 
8 and 9? consisting of a "base and a constant diameter center piece was 
manufactured from brass rod stock. The test section to be coated was 
screwed onto the base of the mold and the center piece was inserted 
through the test section and also screwed into the base. The material 
to be cast was melted and poured into the annular space formed between 
the center piece and the walls of the test section. 
Best results were obtained if the molten material was heated to 
just under its boiling point. Due to shrinkage on solidification, 
several pourings were necessary to fill the annular space and build up 
a layer of solid material slightly above the top edge of the test 
section. After disassembly of the mold, all excess solid material was 
trimmed away and the top edge of the solid was cut down even with the 
top edge of the test section. Two different center pieces, both of 
1.590 inch diameter, were used. One was longer than the other and 
was used to cast the long test sections. 
It was found that a small amount of mold release agent on the 
center piece prevented chipping or scratching of the solid surface on 
disassembly. A light coating of Dow Corning High Vacuum G-rease was 
Figure 8. Disassembled Mold and Test Section ro 
vo 
Figure 9. Assembled Mold with Long Center Piece in Foreground. 00 
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applied to the center piece of the mold and then the surface "was wiped 
repeatedly with clean paper towels until all visible traces disappeared. 
Christian and Kezios (.12) used this procedure to cast naphthalene test 
pieces in a mass transfer study and found no measurable effect of the 
release agent on the sublimation rate in either free or forced convec-
tion. 
After all test sections were cast and their exterior surfaces 
cleaned of any excess solid material, they were assembled to form the 
test pipe. During storage, the ends of the test pipe were wrapped 
with aluminum foil to prevent evaporation losses. 
Casting of new test sections was not done for every run but only 
when the inside diameters of the entrance and exit sections became 
significantly different or when it was desired to change to a new test 
material. 
Dimensions of the System 
The following dimensions of the system were determined: 
(1) The length of the coated interior surface of each small test 
section. 
(2) The distance from the beginning of the coating to the midpoint 
of the coated surface for each small test section when the test pipe 
was assembled. 
(3) The inside diameters of test section number 3? located near 
the entrance of the test pipe, and test section number 19, located 
near the exit. 
The measurements described in (l) and (2) above were made at the 
beginning of the test series. Since the pipe was always assembled in 
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the same order, these values were assumed to "be constant throughout the 
test series. Results of these measurements are presented in Table 1. 
Measurements described in (3) above were made at the beginning and end 
of each test run. 
Table 1. Dimensions of Test Sections 
Test Length of Distance from Beginning 
Section Test Section, of Coating to Midpoint 
Number centimeters of Test Section, inches 
2 k.O 1.97 
3 k.l 3.59 




















11 ^. 35.35 
12 1+.0 36.88 
1*4- k.l U7.28 
15 k.o kQ.yk 
17 k.l 59.28 
18 k.3 69.72 
19 k.l 71.^1 
Weighing of the Test Sections 
All small test sections with the exception of the first section of 
the test pipe were weighed prior to conducting a test run. The first 
section was not weighed because it was found that during a run some of 
the solid coating was transferred from this section to the edge of the 
connecting piece on the inlet plenum chamber. Weighings were made on an 
analytical balance to the nearest one thousandth of a gram. The approxi-
mate weight of a test section was 275 grams. 
A weighing routine was developed in which each test section was 
disassembled from the pipe, weighed, and reassembled before another 
section was disassembled. This routine was designed to minimize ex-
posure of the sections to the ambient air. 
A similar weighing procedure was used at the end of each test 
run. After each weighing a sheet of aluminum foil was wrapped around 
each end of the test pipe. 
Warm-up Procedure 
After- weighing, the test pipe was placed in the mounting frame, 
the thermocouples were inserted and the pipe was wrapped with the 
heaters and then the fiberglass insulation. The ends of the test pipe 
remained covered with aluminum foil. Electric power to the heaters 
was turned on and adjustments were made to the individual heater 
power supplies to eliminate any temperature gradients along the length 
of the pipe as the temperature was increased. 
While the pipe was heating up, the air supply was turned on and 
the air flow rate was adjusted using the pressure regulators to give 
the desired reading on the flowrators. The air flow was directed 
through the inlet plenum chamber by the solenoid valves and the pre-
liminary and final air heaters were turned on and adjusted to bring 
the air to the desired operating temperature. During this period the 
air flowed through the plenum chamber and out into the room since the 
chamber was not connected to the test pipe. 
The warm-up period lasted approximately one hour. During this 
time, thermocouple readings and heater adjustments were made every 
five to ten minutes. For all test runs, the warm-up period was con-
ducted with test pipe in the horizontal position. 
Test Run Procedure 
When the desired test temperature was attained, the following 
procedure was employed to begin a test run: 
(1) The air flow was diverted through the by-pass solenoid valve. 
(2) The aluminum foil was removed from the ends of the test pipe 
and the pipe was connected to the inlet plenum chamber. The exit 
thermocouple was then inserted into position on the pipe axis, about 
four inches inside the last section. 
(3) The test pipe was placed in the desired position. 
(k) The air flow was directed through the inlet plenum chamber 
and down the pipe using the solenoid valves. Simultaneously, an 
electric timer used to time the run was started. The initial reading 
of the dry gas meter was recorded. 
The above steps took from three to four minutes to accomplish. 
During the first hour of a run, thermocouple readings were taken every 
three to five minutes and the power to the heaters was adjusted to 
balance all. temperatures. After about thirty minutes, a steady state 
was attained and only minor adjustments to the power to the heaters 
was required. 
In addition to the thermocouple readings, the following data 
were recorded every 1000 seconds (16.67 minutes) during a test run: 
(1) The dry gas meter reading. 
(2) The flowrator readings. 
(3) The pressure difference between the outlet of the dry gas 
meter and the atmosphere. 
(h) The room temperature of the laboratory. 
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The difference between dry gas meter readings was calculated for 
the 1,000 second intervals, and when necessary, adjustments were made 
in the air flow rate to keep this value constant. A barometer reading 
was taken at the end of the test period. The test period lasted approxi-
mately two hours for the para-dichlorobenzene runs and three to five 
hours for the naphthalene runs. 
At the end of the test period, the air was diverted through the 
by-pass valve, power to the heaters was shut off and the test assembly 
was disassembled as quickly as possible. Aluminum foil covers were 
placed over the ends of the test pipe. The shut-down procedure took 
about three minutes to accomplish. 
The test pipe was then allowed to cool approximately thirty min-
utes to room temperature and the small test sections were reweighed. 
After reweighing, the inside diameters of sections number 3 and number 
19 were remeasured. 
Weight Loss Correction Term 
A correction term was applied to the weight loss measurements 
made on each test section. The correction term was found to be de-
pendent on the test material and on the temperature of the run. Weight 
loss correction terms were measured for naphthalene for the three test 
temperatures used and for para-dichlorobenzene for the one test temp-
erature used. 
The method used to evaluate the correction term consisted of 
the following steps: 
(l) Weighing the small test specimens using the normal weighing 
routine. 
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(2) Heating the test pipe to the desired temperature exactly as 
described in the warm-up procedure above. 
(3) Connecting the pipe to the air supply system but not turning 
on the air supply. 
(h) Disconnecting the pipe and reweighing the small sections after 
a cool down period exactly as described in the preceding section. 
The weight loss obtained is the proper correction term to be 
subtracted from the total weight loss for runs of the corresponding 
material and temperature. In most cases, it was found that the weight 
loss correction varied only slightly from one test section to another 
for the same test. Consequently, an average correction term was de-
termined by averaging the individual terms for each test section ob-
tained for one particular set of conditions. This average correction 
term was then applied to every section for each test run at the speci-
fied conditions. 
The average correction terms determined by the above described 
procedure are presented in Table 2. 
Table 2. Average Weight Loss Correction Terms 





Naphthalene 30.9 C 
Naphthalene 38.2°C 
Naphthalene 50.0°C 
Para-dichlorobenzene 30.9 C 
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The individual values for the correction terms are given in 
Table 19, Appendix C. 
Concentration Measuring Procedures 
Concentration measurements were taken on six of the naphthalene 
runs. All concentration profiles were measured at an axial position 
6U.32 inches from the pipe entrance. For the horizontal and h^ angle 
pipe positions, the profiles were measured along a line running from 
the top to the bottom of the pipe and perpendicular to the direction 
of flow. 
During a warm-up period before sampling, the chromatograph was 
turned on and brought up to operating temperature and the sampling 
syringe was placed in the heater and heated to l80 C. To obtain a 
sample, the syringe was removed from the heater and the desired spacers 
were placed on the needle. The insulation was then peeled back around 
the sampling port and the needle inserted as shown in Figure 10. A 
gas sample of approximately 1 cc was slowly withdrawn. The insulation 
was replaced and the sample injected into the chromatograph. A peak 
was produced on the recorder approximately 5 seconds after the injection. 
The syringe was then replaced in the heater and k to 5 minutes were 
allowed for reheating before another sample was taken. The time re-
quired to take a sample was approximately one minute. 
The centerline concentration was measured first and then con-
centrations were measured at specified intervals, alternately on each 
side of the centerline, toward the wall. Usually two samples were taken 
from each location; however, if agreement between these samples was con-
Figure 10. Withdrawal of Gas Sample. 
00 
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sidered poor, additional samplings were made. In general, the agreement 
between successive samples from the same location were within about 5 
per cent of the full scale reading. However, for some locations agree-
ment was found to be poor even after five or six samplings. 
It was found convenient to check the stability of the chroma-
tograph by injecting samples of natural gas-air mixtures. These mix-
tures were made by injecting 2 or 3 cubic centimeters of natural gas 
into stoppered 1 liter flasks. It was found that these mixtures gave 
easily reproducible peaks even with the syringe at room temperature. 
These samples were injected from time to time during a test run to in-
sure that the chromatograph output was not drifting. 
Tests were made to determine if the rate of sample withdrawal 
could cause the scatter in readings found at some locations. Samples 
taken at somewhat faster and slower rates than those normally used 
showed no apparent effect on results, even at locations close to the 
pipe wall. 
CHAPTER V 
DATA REDUCTION METHOD 
The experimental data obtained from the mass transfer runs 
were reduced using procedures given below. In essence, these proce-
dures convert the measured weight losses for the test sections to 
mass fluxes and Nusselt numbers for mass transfer. For those runs 
in which concentration measurements were also made, the method used 
to convert the output signal of the chromatograph to concentration 
is presented. 
Reduction of Mass Transfer Data 
A computer program utilizing a Burroughs 220 digital computer 
was written to speed up the data reduction technique. A summary of 
the calculations made using this program is presented below. For the 
actual calculations, appropriate conversion factors were included to 
insure dimensional consistency. The method of data reduction for a 
typical mass transfer run consisted of the following steps: 
(1) The physical properties |i, p, oBA-o and Sc were obtained 
AD 
by the methods described in Appendix B. Values of p and were 
AB 
corrected to the measured atmospheric pressure. 
(2) The initial and final diameters of test sections no. 3 
and no. 19 were numerically averaged to obtain an average diameter D 
(3) The average velocity of the air u was calculated by 
correcting the total volume of air passed through the dry gas meter 
to the temperature and pressure of the system and dividing this value 
2 
by the average cross-sectional area of the pipe TTD /h, and the total 
time of the run. 
(k) The Reynolds number, based on the p ipe d iameter , -was 
c a l c u l a t e d from 
Re = D up/V (5-1) 
m ' ' 
(5) Assuming the ideal gas law, the molar concentration of 
the test material at the wall, C. , was calculated from 
Aw 
°Aw = ( W)/ R T ^-2) 
where VP = vapor pressure at T obtained from equation (B-l) or (B-2), 
Appendix B 
T = system temperature, K 
R = gas constant 
(6) For each of the small test sections, an average molar 
wall flux, N. , was calculated from 
' Aw' 
_ (A wt. - corr.) , . 
NAw " (Mj(nD l)t ( 5 _ 3 ) 
Ay m ' 
where A wt. = weight loss of test section 
corr. = weight loss correction term 
1 = length of test section 
t = time of test run 
(7) The dimensionless length parameter ReScD/z was calculated 
from 
ReScD/z = (Re)(Sc)D /z (5-M 
where z is the distance from the entrance to the midpoint of the coat-
ing as given in Table 1. 
The expression j N dz was evaluated for the z values 
o 
corresponding to each test section. Near the pipe entrance, where the 
value of N. is strongly dependent on z, a relation of the form 
WAw = V R e S c D / z ) ° (5-5) 
A and B = constants 
was assumed. This assumption was based on the relationship between 
N. and z shown by both the theoretical and experimental results. The 
Aw 
constants A and B were evaluated from the measured N„ and z values 
0 0 Aw 
for the first two test sections. If N„ n and z., represent the measured 
Awl 1 
flux and distance, respectively, for the first test section, equation 




dz = ViV^-V ( 5 - 6 > 
o 
Further integration was performed numerically using the trapezoidal rule 
over each incremental Az value between the test sections. 
(9) The bulk concentration at each test section was deter-
mined from 
h3 
h \ Wn dz J Aw 




The logarithmic mean average concentration difference applicable to 








since C„ = 0 for all test runs. The dimensionless bulk concentration, 
Ao 
C , was evaluated at each test section from 
b 
* °b 
'b C 5-9) 
Aw 
(10) The logarithmic mean Nusselt number at each test section 
was calculated from 
D \ Nn dz 
m J Aw 
N U A B ) l r a = z ^ <AC)1 
AB lm 
5-10) 
and the local Nusselt number for each test section was calculated from 
Nu 
BC 
dR R = 1,Z 
loc (5-11) 





Reduction of Concentration Data 
The peak heights obtained from the chromatographic analysis -were 
converted to concentrations by use of a calibration factor. This 
factor was obtained from the peak height produced by an air-naphthalene 
mixture of known concentration. The known sample was obtained from a 
saturated mixture of naphthalene in air at room temperature. The con-
centration of this mixture was calculated from a knowledge of the vapor 
pressure of naphthalene at the system temperature. A new calibration 
factor was determined for each run in which concentration measurements 
were made. 
The radial position of the sampling probe was determined from 
the spacers used. Since a 0.75 inch spacer located the end of the 
probe at the centerline of the pipe, the radial position was obtained 
as the difference between 0.75 and the actual spacer used. The reduced 
radial position r/r was calculated assuming r to be 0.80 inches. 
^ ' w w 
N D 
Aw m 





CALIBRATIONS AND EXPERIMENTAL ERRORS 
Calibration Procedures 
Ther mo coup1e s 
The thermocouples were calibrated by Immersing them in an elec-
trically heated, stirred water bath equipped with a standard thermometer 
and comparing the thermocouple outputs to the thermometer reading after 
thermal equilibrium had been established. The outputs of the thermo-
couples were measured on the recorder using an ice-water reference bath. 
As a check on the accuracy of the recorder, several output readings 
were also taken using a Leeds and Northup Model 8686 Millivolt Potentio-
meter. Agreement between the recorder and the potentiometer readings 
was found to be within 0.0.1 mv. The standard thermometer (minimum divi-
sion 0.1 C) was calibrated against a similar thermometer certified by 
the National Bureau of Standards and found to be within 0.1 C of the true 
temperature. Thermocouple calibrations were made at several points be-
tween 2.5°C and 50°C. 
At 30 C all thermocouples gave the same output to within 0.01 mv.; 
at 38 C, one thermocouple was found to read lower than the others; and 
at 50 C, three thermocouples were found to read lower, the maximum devia-
tion being 0.03 mv. Those thermocouples showing deviation were located 
near the exit of the test pipe. A calibration curve based on those 





Results of Thermocouple Calibration -p-
CA 
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Dry Gas Meter 
The dry gas meter was calibrated according to standard practices 
by the Meter Shop of the Atlanta Gas Light Company. Over the range of 
flow rates used in this study, the meter was found to give readings 
that were 1.5 per cent too low. A factor to correct actual meter read-
ings by this amount was applied during reduction of the test data. 
Concentration Measuring System 
In order to determine the validity of using the chromatograph 
in the method previously described, it was necessary to establish that 
the output peak height was proportional to concentration over the range 
of interest and that the height was not affected by the amount of 
sample introduced. 
Preliminary tests conducted using natural gas-air mixtures showed 
the method gave peaks reproducible to within about 2 per cent. Over 
the range from 1 cc/liter to 12 cc/liter, the output signal was linear 
with concentration and the peak height was not dependent on sample size 
over the range 0.6 to 1.2 cc. Tests using saturated naphthalene-air 
mixtures at room temperature showed the same independence of sample 
size but indicated somewhat poorer reproducibility than the natural 
gas samples. 
A calibration of the chromatograph using naphthalene-air samples 
of varying concentration was made using a syringe heated to 180 C. A 
sampling bomb was constructed from a 6 inch section of 1 inch standard 
brass pipe capped at each end. The inside surface of the bomb was coated 
with naphthalene. A fitting containing a rubber septum was attached 
through a threaded hole tapped in one of the caps. The bomb was mounted 
in a constant temperature water bath such that the fitting extended 
slightly above the surface. Gas samples were withdrawn through the 
septum at various temperatures between 22 C and 50 C. The system was 
allowed approximately 15 minutes to attain equilibrium at each new 
temperature and several samples were taken at each temperature. Bath 
temperature was measured with a calibrated thermometer accurate to 
± 0.1°C. 
Assuming the naphthalene-air mixture to be saturated at each 
temperature, the concentration of naphthalene was calculated from the 
vapor pressure equation in Appendix B assuming ideal gas behavior. Re-
sults of the calibration test are presented in Table 20 in Appendix G 
and are shown plotted in Figure 12. These results indicate the chroma-
tograph output based on peak height to be linear over the range of con-
centrations measured during this study. The maximum deviation from a 
straight line fitted through the data is about 5 per cent. 
Error Analysis 
Mass Transfer Runs 
It is difficult to determine an average error to be applied to 
all of the mass transfer runs because of the varying conditions at 
which the runs were made. It is felt that experimental accuracy im-
proved for the higher Reynolds number runs and for the lower tempera-
ture runs due to better con Orel of flow rates and temperatures. Results 
should also be more reliable for the test sections near the entrance of 
the pipe because the weight losses were larger for these sections and 
the effects Of small errors in weighing would be diminished. 
k9 
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The average test temperature is believed to be accurate to ± 0.25 C., 
however, individual thermocouples varied about the average by as much as 
0.75 C during the high temperature runs. The fact that heater adjustments 
were made periodically so that each thermocouple output was sometimes 
higher and sometimes lower than the average, should have the effect of 
smoothing out the temperature variations over the entire run. Flow rates 
determined at 1000 second intervals varied by a maximum of 3 per cent 
but these also are probably smoothed out by periodic adjustments. 
Runs were timed so as to make the weight loss correction term less 
than 10 per cent of the smallest weight loss measured. In the case of 
the low temperature runs, this could not always be accomplished and the 
correction term was nearer 15 per cent of the weight loss. Since the 
measured weight losses varied by a factor of about 10 from the entrance 
to the exit end of the pipe, the correction term represented only a 
small percentage of the measured weight loss for most of the test sec-
tions . 
Measured diameters at each end of the test pipe varied from the 
calculated average diameter by a maximum of about 2 per cent. For the 
majority of the runs the variation was 1 per cent or less. 
A test in which weight losses were determined for assembly and 
disassembly of the test pipe at room temperature resulted in all test 
sections showing a weight loss of 0.002 ± 0.001 grams. The consistency 
of the results indicates that losses due to chipping or breaking of 
the coating present no problem, provided reasonable care is taken during 
handling of the test sections. The above mentioned loss is accounted 
for as part of the overall weight loss correction term at each test 
51 
temperature. 
Considering all errors occur in the same direction and at the 
maximum estimated values with a 50 per cent error in the correction 
term, a maximum error of 15 to 20 per cent might be expected in mea-
sured values of the wall flux. Bosworth (6) estimates his maximum 
error for a similar system, except using profilometric techniques, to 
be about Zh per cent. 
A more realistic appraisal of the errors attributable to experi-
mental technique might be obtained by considering the six runs which 
were made repeating conditions of previously made runs. Five such 
runs were made for naphthalene and one for para-dichlorobenzene. In most 
cases, mass fluxes at the same locations agreed well within 20 per cent 
and usually better than .10 per cent. In some cases, mostly for high 
temperature, low Reynolds number runs at positions far down the pipe, 
the fluxes varied by more than 50 per cent. This is probably attribut-
able to free convection effects which are difficult to duplicate in a 
flow system. 
Concentration Measurements 
The errors involved in these measurements may be generally divided 
into two categories. First, there are those errors in obtaining a sample 
and, second, those errors associated with the analysis of the sample. 
In the first category would be such items as the uncertainty in the 
exact position of the sampling probe, the effect of the probe on the 
flow pattern in the pipe, and the amount of material drawn in from sur-
rounding areas during sampling. The second type of error would be such 
things as variations in injection technique and instability or lack of 
reproducibility in the analyzing equipment. 
Preliminary tests made by injecting a syringe through a sampling 
port in a short section similar to the test pipe indicated that the 
tip of the sampling needle could be located within about 1 mm. This 
represents about 5 per cent of the pipe radius. Obviously this un-
certainty could have serious effects at locations where the concentra-
tion gradients are large. The measurements described in this study were 
made at positions far enough downstream so that this did not present a 
serious problem. Based on theoretical concentration gradients, it is 
estimated that the uncertainty in position could produce errors of the 
order of 10 per cent. 
Other errors associated with sampling are more difficult to 
assess. From tests made, no effect of speed of withdrawal of the sample 
could be detected. Undoubtedly, the presence of the sampling probe 
would produce some distortion in the flow pattern, but these effects 
would be expected to be small at the low flow rates studied and to have 
more effect at positions downstream than at the end of the sampling 
needle. Therefore, it is estimated that the total error attributable 
to obtaining a sample is about 15 per cent. 
The uncertainty involved in the analysis method is expected to 
be about 5 per cent. This is based primarily on the deviations obtained 
from successive samplings of standard naphthalene-air mixtures. Natural 
gas-air mixtures gave considerably better reproducibility than the samples 
involving naphthalene. Consequently, it is believed that the major factor 
contributing to the uncertainty in analysis was in the test 'material it-
self rather than in the operating characteristics of the chromatograph. 
CHAPTER VII 
DISCUSSION OF RESULTS 
The results of the constant property theoretical solution 
are first discussed. Experimental mass transfer results are next 
presented and compared to the theoretical results. Finally, measured 
concentration profiles and their relation to the theoretical profiles 
are discussed. 
Theoretical Results 
Numerical solutions of the equations representing the mathemati-
cal model were obtained for each temperature and test material used in 
the experimental runs. These solutions are for naphthalene at 50.0 C, 
38.2 C, and 30.9 C, and for para-dichlorobenzene at 30.9 C. The re-
sults of these solutions are summarized in Tables 3, k, 55 and 6. The 
wall flux term N. is based on a pipe diameter of 1.60 inches. Other 
Aw 
values presented are not dependent on the diameter but only on the 
axial location ReScD/z and the Schmidt number. To obtain N„ for a 
' Aw 
pipe of different diameter, one would multiply the tabulated value by 
the ratio of 1.60 to the new diameter in inches. 
The computer program was modified to obtain numerical solutions 
for the case of fully-developed laminar flow and for "rod-like flow" in 
which the velocity profile remains uniform throughout the pipe. Results 
for these cases for para-dichlorobenzene at 30.9 0 are presented in 
Tables 7 and 8. 
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Table 3- T h e o r e t i c a l Resu l t s For Naphthalene-
Air System At 50.0 C 
Entrance Prof: Lie: Uniform Diame ter: 1.60 inches 
CAw= 3- 9 3 6 X 
0 
10 gm-mol/cc Sc: 2.U0 
ReScD/z Nfl x 10
1 0 ( N U _ ; L (Nu^)-, Dimensionless 
Aw p v AByloc v AB'lm ¥r 
gm-mol/cm sec Bulk Cone. c" 7 b 
5623 16.1.6 23.29 51.95 0.036 
2U83 11^.3 16.78 3̂ .0̂ + 0.053 
1100 80.1 12.10 22.90 0.080 
786 68.8 10.55 19.5^ 0.095 
500 55.5 8.76 15.85 0.119 
323 J+5.2 7.37 13.03 0.1U9 
20U 36.3 6.21 10.66 0.189 
1̂ 9 31.2 5.59 9.35 0.223 
99-9 25.8 ^.93 7.98 0.27^ 
69.5 21.6 kM 6.97 0.330 
^9.5 18.1 ^.lU 6.19 0.393 
i+0.1 16.1 3.99 5.78 O.U38 
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Table 4. Theoretical Results For Naphthalene-
Air System At 38.2 C 
Entrance Pro1 ~'ile: Uni form Diame ter: 1.60 inches 
C. : 1 Aw 
478 x 
0 
10 gm-mol/cc Sc: 2.42 
ReScD/z Nn x 1 0 1 0 (Nu ^ ) n (Nil.-.)., Dimensionless 
Aw 2 
v AB'loc v AB;lm 
• * 
gm-mol/ cm sec Bulk Cone , O, 1 
566l 56.66 23.38 52.05 0.036 
2500 40.09 16.8U 3^.10 0.053 
1108 28.10 12. l4 22.94 0.080 
791 2^.11 10.59 19.57 0.094 
503 19. ̂ 8 8.79 15.87 0.119 
325 15.84 7. ko 13.05 0.148 
205 12.72 6.23 IO.67 0.188 
150 10.95 5.60 9.36 0.222 
100. 6 9.05 4.94 7.99 0.272 
70. 0 7.56 4.48 6.98 0.329 
49. 8 6.35 4.15 6.20 0.392 
31. 6 4.91 3.86 5.38 0.494 
Table p. Theoretical Results For Naphthalene-
Air System At 30.9 G 
Entrance Profile" Uniform 
_Q 
C .: 7.75^ x 10 gm-mol/cc 
ReScD/z NA x 10' (Nuf tTJ 
' Aw p AB 
gm-mol/cm sec 
5686 28.1+5 23 ^ 3 
2511 2 0 . 1 3 1 6 . 8 7 
1113 Ik. 1.1 1 2 , 1 7 
795 1 2 . 1 1 1 0 . 6 1 
505 9 . 7 8 8 . 8 1 
327 7 ,95 7 A 1 
206 6 . 3 9 6.2U 
150 5 .50 5 .60 
1 0 1 . 0 k.^k k*95 
70 . k 3 .80 k.k9 
5 0 . 1 3 .19 k.ie 
3 1 . 8 2.U7 3 .86 
D i a m e t e r : 1 .60 i n c h e s 
Sc : 2 J43 
(Nu..^), Dimensionless 
oc AB'lm „ 
Bulk Cone, C. 
5 2 . 1 3 0 . 0 3 6 
3^ .15 0 . 0 5 3 
2 2 . 9 8 0 . 0 7 9 
1 9 . 6 0 0 . 0 9 ^ 
1 5 . 8 9 0 . 1 1 8 
1 3 . 0 6 0.1U8 
1 0 . 6 9 0 . 1 8 8 
9 .37 0 . 2 2 1 
8 .00 0 .272 
6 . 9 9 0 . 3 2 8 
6 . 2 1 0 . 3 9 1 
5 .39 0.1+93 
Table 6. Theoretical Results For Para-Dichlorobenzene-
Air System At 30.9° G 
Entrance Profile: Uniform 
o 
C : 8.778 x 10~ gm-mol/cc 
ReScD/z N x 10 (Su ) 
A~W Q / T - I J 
gm-mol/cm sec 
5287 3 3 5 . 8 2 2 . 7 5 
2335 2 3 7 . ^ 1 6 . 3 9 
1035 1 6 6 . 3 1 1 . 8 2 
739 1^2.6 1 0 . 3 1 
J+70 1 1 5 . 1 8 .57 
30U 9 3 . 5 7 . 2 1 
207 77-8 6 . 2 6 
1U8 6 6 . 3 5 .57 
1 0 1 . 3 5 5 . 2 ^ . 9 5 
70 . 8 1+6.2 h. h9 
50. 2 3 8 . 7 U.15 
30 . 2 2 9 . 0 3 . 8 3 
Diameter: 1.60 inches 
Sc: 2.26 
(Nu_), Dimensionless 
oc AB lm y_ 
Bulk Cone, C 
5 0 . 7 1 0 . 0 3 8 
3 3 . 2 7 0 .055 
22.1+1 0 . 0 8 3 
1 9 . 1 2 0 . 0 9 8 
1 5 . 5 2 0.12*1 
1 2 . 7 7 0 . 1 5 5 
1 0 . 8 0 0 . 1 8 9 
9 . 3 8 0.22*+ 
8 .07 0 . 2 7 3 
7 .05 0 . 3 2 9 
6 . 2 ^ 0 . 3 9 2 
5 .33 0 . 5 0 6 
Table 7. Theoretical Results For Fully-Developed Flow 
(Para-Dichlorobenzene-Air System At 30.9 C) 
Entrance Profile: Parabolic 
o 
CA : 8.778 x 10" gm-mol/cc 
ReScD/z Nn x 10 (Nu. J 1 Aw p AB 
gm-mol/cm sec 
5287 285.0 18.97 
2335 211A 14.27 
1035 156.0 10.79 
739 136.7 9.60 
470 113.5 8.18 
304 94.3 7.03 
207 79-7 6.18 
148 68.6 5.56 
101. 3 57.6 U-.98 
70. 8 48.4 4.54 
50. 
CVl 4o.5 4.20 
30. 2 30.2 3.86 
Diameter: 1.60 inches 
Sc: 2.26 
(Nu„^)n Dimensionless c AB'lm y_ 














Table 8. Theoretical Results For Rod-Like Flow 
(Para-Dichlorobenzene-Air System At 30.9 C) 
Entrance Profile: Uniform Diame ter: 1.60 inches 
% , • • 8 
0 
778 x 10" gm-mol/cc Sc: 2.26 
ReScD/z Na xlO
1 0 (Nun ) n (NU-AT)-, Dimensionless 
Aw 2 
v Airioc v AB;lm * • 
gm-mol/cm sec Bulk Cone , 0, b 
5287 687.7 47.60 78.63 0.058 
2335 445.5 31.84 53.42 O.O87 
1035 288.6 21.66 36.38 0.131 
739 239.5 18.48 31.12 0.155 
470 184.1 14.90 25.37 0.194 
304 142.2 12.21 20.91 0.241 
207 1.12.7 10.35 17.67 0.290 
148 91.7 9.05 15.31 0.339 
101. 3 72.3 7.91 13.10 0.4o4 
70. 8 57.1 7.08 11.37 0.474 
50. 2 44.9 6.42 10.00 0.550 
30. 2 29.9 5.98 8.47 0.674 
6o 
Ulrichson and Schmitz (10) and Wilkins (9) have discussed the 
error introduced in entrance length solutions for heat transfer when 
the radial velocity term in the energy equation is neglected. In "both 
of these studies, it was found that neglecting the radial velocity 
term resulted in higher local Nusselt numbers and lower bulk tempera-
tures than for the case when the term is included in the solution. 
To determine the error caused by neglecting the radial velocity term 
at the conditions of the present mass transfer study, the computer 
program was modified such that the dimensionless radial velocity V was 
assigned the value of zero in the numerical solution of the concentra-
tion equation. Results of this solution for para-dichlorobenzene at 
o 
30.9 C are presented in Table 9« 
As can be seen from a comparison of the data in Tables 6 and 9? 
local Nusselt numbers differ by over 25 per cent near the pipe entrance 
and the relative error diminishes with increasing distance down the pipe. 
At ReScD/z of 100, the difference in local Nusselt numbers is about 7 per 
cent. Tables 6 and 9 also show that significantly lower bulk concentra-
tions are obtained when the radial velocity term is neglected. 
The apparent anomaly of obtaining higher mass fluxes and local 
Nusselt numbers when the radial velocity term is neglected in the dif-
fusion equation can be explained. The result of neglecting radial 
velocity is to obtain lower values of C in the solution of the diffu-
sion equation. At the wall, however, C is fixed at unity by a bound-
r̂C 
ary condition. Consequently, higher values of the term dR R = 1,Z 
are obtained when the radial velocity term is neglected. N. and 
* Aw 
(Nu ) are both characterized by the term 
AB'loc J £R 
and are thus 
R = I5Z 
Table 9- T h e o r e t i c a l R e s u l t s For P a r a - l i c h l o r o h e n z e n e -
Air System At 30.9° C 
Neglec t ing Radia l Ve loc i ty Term 
Entrance P r o f i l e : Uniform Diameter: 1.60 inches 
Q 
C : 8.778 x 10" gm-mol/cc Sc: 2.26 
ReScD/z NA x 10' ( ] \ I m J i (NuA > D i m e n s i o n l e s s 
1 Aw A p / l o c AB lm ^ 
gm-mol/cm s ec Bulk Cone, C 
5287 1+31.0 28.80 32.2.6 0.02^ 
2335 293.2 19.88 22.90 0.038 
1035 200.0 13.89 1.6.33 0.061 
739 I69.8 11.96 1̂ .25 0.07^ 
U-70 135.3 9.77 II.92 O.096 
30U 108.5 8.08 10.11 0.125 
207 89.2 6.89 8.79 O.156 
1U8 75.0 6.05 7.82 0.191 
101. 3 61.7 5.29 6.92 0.239 
70. 8 50.9 h.12. 6.20 0.296 
50, 2 ^2,0 Mo 5.63 0.362 
30. 2 30.8 3.88 ^.97 0.^82 
calculated to "be higher than their corresponding values when radial 
velocity effects are included. The net effect is that the calculated 
N„ indicates more material is entering the stream than would "be calcu-
Aw 
lated by considering the change in bulk concentration. 
In the numerical solutions, a step-by-step mass balance of 
material A was made at each axial step down the tube. The procedure 
used in setting up the mass balance is discussed in Appendix A. Essen-
tially, the step-by-step mass balance compares the amount of subliming 
material entering the stream calculated from the value of N„ with the 
Aw 
amount calculated from the change in bulk concentration. With the radii-
al velocity term included, the step-by-step mass balance shows agree-
-x-
ment between EL and the flux determined from the change in C, to be 
Aw b 
within 3 per cent at ReScB/z of 5000. Further downstream the agreement 
is well within 1 per cent. Neglecting the radial velocity term results 
in much higher deviations in the mass balance. At corresponding axial 
locations, the percentage deviation was found to be about 20 times 
higher than for the case when the radial velocity term is included. 
The fact that an overall mass balance of subliming material is 
not satisfied when radial velocity is neglected can be seen by consider-
ing the log mean Nusselt numbers in Tables 6 and 9. These Nusselt 
numbers were calculated from the change in bulk concentration from the 
entrance to the axial position under consideration. Thus the lower 
values of (huA.^)n in Table 9 result from lower bulk concentrations. AB lm 
however, should the log mean Nusse.lt numbers have been calculated by 
integrating the local Nusselt numbers, (Nu„^)n in Table 9 would be 
' AB'lm 
higher than (Nu,r), in Table 6. Only when the overall mass balance is AB' lm 
satisfied will the results obtained by each method agree. 
While agreement between the local Nusselt numbers calculated 
with and without the radial velocity term improves considerably with 
distance down the pipe, it is interesting to note that the deviation 
between the predicted wall fluxes does not diminish as rapidly. For 
instance, local Nusselt numbers agree within about 1.3 per cent at 
ReScD/z of 30.2 whereas the difference in mass fluxes is still about 
6 per cent. 
A comparison of the theoretical results of this study for naph-
thalene-air at 50 C to the theoretical results of Bosworth (6) for the 
same conditions shows his results for local Nusselt number to be approxi 
mately 50 per cent high at ReScD/z of 1000, 25 per cent high at ReScD/z 
of 400, and 10 per cent high at ReScD/z of 150. Much of the difference 
found in the two solutions is attributable to the radial velocity term 
being neglected in Bosworth's solution. In obtaining his numerical 
solution, Bosworth used a considerably larger mesh size than was used 
in this study and this factor may also account for some of the differ-
ence in the results. 
To determine the adequacy of the numerical solution, comparisons 
were made of the calculated results with the solutions of Leveque (13) 
and Graetz (ik) for fully-developed flow, of Graetz for rod-like flow, 
and of Wilkins (9) for the case of Prandtl number (or, for mass trans-
fer, Schmidt number) equaling unity in developing flow. In all cases, 
the agreement was quite good. It was also noted that the numerical 
solution closely approached the solution of Pohlhausen (15) for a flat 
plate at higher values of ReScD/z. These comparisons are summarized in 
Gh 
Appendix A in fables 1.U, 15, and 16, and Figure k'J. 
Mass Transfer Results 
General 
A total of 39 experimental mass transfer runs were made during 
this study. Naphthalene was used as the subliming substance for 32 of 
these rims and p-dichlorobenzene was used for the remaining 7 runs, 
Air was used as the test fluid for all runs. 
For the naphthalene runs, the following positions of the test 
pipe were employed" 
(1) Horizontal. 
(2) Vertical with upflow. 
(3) ^5 from horizontal with upflow. 
For each position, runs were conducted at three different tempera-
tures (30.9° C, 38.2° C, and 50.0° C) and at three different Reynolds 
numbers (approximately 500, 1000, and 1500). 
For the p-dichlorobenzene runs, the same pipe positions as given 
above were used. For each position, runs were conducted at two differ-
ent Reynolds numbers (approximately 750 and 1500) at a temperature of 
30.9° C. 
A summary of the experimental runs conducted during this study 
and the exact conditions for each run is presented in Table 10. 
The experimental results for the mass transfer runs are presented 
in Tables 21 through 59 ~'Ln Appendix C. For all test runs, the measured 
mass flaxes were higher than predicted by the theoretical solution. 
This is believed to be caused by free convection currents initiated by 
Table 10. Summary of Test Runs Conducted 
Run Temp. Pipe Reynolds D ) Date of 
No. °C Position Numb er ~. , Run 
inches 
Naphthalene - Air Runs 
1 50.0 Horiz. hh5 1.621 8-09-65 
2 50.0 Horiz. hkl I.623 8-IO-65 
3 50.0 Horiz. 1015 I.612 8-0I1-65 
k 50.0 Hor i z. 1376 I.6U0 8-16-65 
5 50.0 Vert. l̂+l 1.631 8-12-65 
6 50.0 Vert. kk-7 1.625 8-II-65 
7 50.0 Vert. 1016 1.611+ 8-05-65 
8 50.0 Vert. 976 1.618 8-06-65 
9 50.0 Vert. 1358 I.6U5 8-18-65 
10 50.0 ^5° 509 1.628 11-16-65 
11 50.0 ^5° 909 I.616 Ll-05-65 
12 50.0 1+5° 1356 1.622 II-II-65 
13 38.2 Horiz. 1+61 I.60U IO-05-65 
Ik 38.2 Horiz. 935 1.653 8-25-65 
15 38.2 Horiz. 9U8 1.61+1+ 8-23-65 
16 38.2 Horiz. 11+26 1.610 IO-OI-65 
17 38.2 Vert. 1+59 1.600 IO-08-65 
18 38.2 Vert. 95^ 1.656 8-27-65 
19 38.2 Vert. 958 1.653 8-30-65 
20 38.2 Vert. lU^O 1.599 10-07-65 
21 38.2 ^5° ^77 1.612 ll-oU-65 
22 38.2 l̂ o 953 1.610 11-02-65 
23 38.2 k$° 1^32 I.615 H-03-65 
2U 30.9 Horiz. ^68 1.611 IO-15-65 
25 30.9 Horiz. 990 1.601 10-12-65 
26 30.9 Horiz. 1A1U 1.60k 10-21-65 
27 30.9 Vert. 1+56 I.606 IO-27-65 
28 30.9 Vert. 990 I.607 10-22-65 
29 30.9 Vert. 1^53 1.606 IO-19-65 
30 30.9 ^5° 1+85 I.627 11-12-65 
31 30.9 ^5° 982 1.607 H-Ol-65 
32 30.9 l̂ o 1505 I.609 IO-29-65 
Table 10. (Continued) 
Run Temp. Pipe Reynolds D . Date of 
No. °C Position Number + ? Run 
InGnes 
Para-D ichlorobenzene - Ai r Runs 
33 30.9 Horiz . 751 i.6oh 12-08-65 
3*+ 30.9 Horiz . 729 1.620 12-21-65 
35 30.9 Horiz . 1386 1.598 12-09-65 
36 30.9 Ver t . 7^2 1.60^ 12-10-65 
37 30.9 Ver t . li+25 1.610 12-20-65 
38 30.9 5̂° 72U 1.628 12-22-65 
39 30.9 5̂° 1360 1.63^ 12-29-65 
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density differences between the inlet air and the air near the pipe wall 
which contains the heavier subliming material. 
For the naphthalene runs, agreement with the theoretical was 
found to improve markedly with decreasing operating temperature. This 
seems reasonable since a decrease in temperature results in lower con-
centrations near the wall and consequently lower Grashof numbers. The 
maximum G-rashof numbers for the runs conducted, which are based on in-
let conditions and the pipe diameter, are presented in Table 11 below. 
Table 1.1. Maximum Grashof Numbers 
Temperature, C Material Diameter, Maximum 
inches Grashof No. 
30.9 Naphthalene 1.60 1690 
38.2 Naphthalene 1.60 3030 
50.0 Naphthalene 1.60 7360 
30.9 Para-Dichlorobenzene 1.60 22760 
For the conditions covered in this study, very little difference 
was found in the overall results obtained for horizontal, vertical, and 
h1^ angle runs. For all pipe inclinations, the log mean Nusselt numbers 
near the end of the pipe were found to be approximately 60 per cent 
above the theoretical for naphthalene at 50.0 C, Uo per cent above for 
naphthalene at 38.2 C, and 20 per cent above for naphthalene at 30-9 C 
Para-dichlorobenzene at 30.9 C showed deviations of about 60 per cent. 
The effect of pipe inclination is more readily seen by consider-
ing local results. Local mass fluxes and local Nusselt numbers for the 
68 
vertical and h^ angle runs showed generally less fluctuations and better 
agreement with theory than those for the horizontal case. Near the en-
trance, however, the horizontal runs were in better agreement with theory. 
The test results also indicate a tendency for the runs at higher 
Reynolds number to show more deviation from the theoretical solution. 
This is somewhat surprising since one might expect better agreement at 
higher Reynolds numbers if free convection was the only effect involved. 
One possible explanation for the effect of Reynolds number might be 
that a small amount of turbulence is generated by surface irregularities 
at the higher Reynolds numbers and this causes an increase in the wall 
flux. 
Another effect found in some of the test runs was a significant 
reduction in the wall mass flux at locations near the end of the pipe. 
This effect was usually limited to the last two test sections and was 
sometimes preceded by higher than normal fluxes occurring at' the test 
section immediately upstream. While this effect is somewhat similar 
to one described by Bosworth (6), it occurred at much lower values of 
ReScD/z and, in no case did the mass flux approach zero or become nega-
tive. This effect was more prevalent for the high temperature, low 
Reynolds number runs,but was detected even in some of the runs at high 
Reynolds numbers. 
Figures 13 and ±h present measured mass fluxes for horizontal 
runs with naphthalene at 50.0 C, along with the theoretical solution 
for a pipe of 1.60 inch diameter. These results are compared to those 
given by Bosworth (6) for the same operating conditions. In order to 
compare the flux values, it was necessary to put them on the same dia-
ReScD/z 
Figure 13. Local Molar Fluxes for Horizontal Runs with Naphthalene at 50.0 C (Low Re) 
CA 
vo 
1 I I I I I I I 
• 




A ^ ' 





i i i i 
" A ° D V ^ 
• 
• 1 I I I 
l_l ^^^ 
Run Re 
Q 3 1015 
A k 1376 
• Bosworth (6) 1295 
• Bosworth (6) 1970 
Thpnrpti na.l fnr 




Figure lU. Local Molar Fluxes for Horizontal Runs with Naphthalene at 50.0 C (High Re) 
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meter basis. This was done by multiplying Bosworth's quoted fluxes by 
the ratio of the diameter used in his study to the one used in this 
study, i.e., I.90/I.60. Such a comparison may not be entirely fair 
since free convection would be expected to play a more significant role 
for larger diameter pipes. Thus Bosworth's results might be expected 
to show higher mass fluxes than those of the present study. 
As shown in the figures, the lower Reynolds number runs compare 
fairly well, with Bosworth's results being about 25 per cent high near 
the pipe entrance. Further down the pipe Bosworth's values drop below 
those of this study and finally become negative. For the higher Reynolds 
number runs, the agreement is much poorer, with Bosworth's results 
starting nearly twice as high at the entrance and showing a sharp drop 
off at about ReScD/z of 150. The disagreement in results at higher 
Reynolds number indicates some factor other than free convection is the 
cause of the discrepancy in the two sets of data. 
Figure 15 shows experimental and theoretical mass fluxes for 
naphthalene in a horizontal pipe at 30.9 0. This figure is presented 
to illustrate the improved agreement with the theoretical results which 
were obtained for the lower Grashof number runs. 
Horizontal Runs 
The local and logarithmic mean Nusselt numbers for the horizontal 
runs are plotted against lOOOz/ReScD and ReScD/z, respectively, in 
Figures 16 through 23. Also shown on these figures are curves repre-
senting the theoretical solution at the appropriate Schmidt number. 
Experimental local Nusselt numbers show considerable deviation 
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Some measured values for para-dichlorobenzene at 30-9 C and naphtha-
lene at 50.0 C are more than twice the value predicted by the theore-
tical solution. Best agreement in (Fu„^)n occurs for naphthalene at 
AB'loc 
30.9 C, but, even for this case, local values are frequently over 30 
per cent above the theoretical. 
Plotted on the figures of logarithmic mean Nusselt number is 
an equation developed by Jackson, Spurlock and Purdy (l6) for the heat 
transfer Nusselt number for air in laminar flow in the entrance region 
of a pipe. The equation is 
Nun = P. 6 7 lm 
Gz)2 + (0.0087)
2(Gr PrJ1'5 
D W W 
1/6 
7-D 
where the Graetz number, G-z, is (iT/4)RePrP/z. In plotting this equation, 
the Schmidt number was substituted for the Prandti number. The Grashof 
number used was based on the log mean concentration difference obtained 
from the theoretical solution. As can be seen, the equation gives 
almost a straight line on the log-log plot indicating that, even for 
the highest Grashof number runs, the free convection term is relatively 
unimportant. This equation correlates the experimental data quite well 
for the higher Grashof number runs but gives results which are too high 
for the lower Grashof number runs. 
Equation (7-1) was obtained by Jackson et al (l6) by using ex-
perimental data near the pipe entrance to obtain the expression 
Wu = 2.67(Gz)1/3 (7-2) 
for the Nusse.lt number in the absence of free convection. A correction 
term was obtained by considering free convection about a horizontal 
cylinder, converting this to an "equivalent G-raetz number for free con-
vection." and adding this vectorially to the Graetz number. The equa-
tion has the disadvantage that it does not reduce to the theoretical 
solution in the absence of free convection and also is probably strictly 
applicable only to the case of Prandtl numbers near 0.7. 
Correlations of (Nu„_), were also attempted using modified forms 
AB lm 
of the equations of Proctor and Eubank, as given by McAdams (17) and 
Oliver (l8). The original equations apply to heat transfer for fully-
developed flow in horizontal tubes. Each equation contains an express-
ion (different in the two equations) involving Gr and Pr which is added 
to the Graetz number to correct for free-convection effects. The pro-
cedure used, here was to convert the expression to an equivalent ReScD/z 
by multiplying by ^/TT? replacing Pr by Sc, and replacing Gr by Gr ob-
tained from the theoretical solution. 
To apply the correlations to developing flow, a value of ReScD/z 
near the end of the pipe was first selected. The equivalent ReScD/z at 
this location was calculated and added to the original ReScD/z. This 
resulted in a new value of ReScf/z for which (Nu„^)n was obtained from 
1 v AB'lm 
the theoretical solution. The value of (Wu„^)n thus obtained is con-
AB'lm 
sidered to be the appropriate Nusselt number, corrected, for free con-
vection, to be assigned to the original ReScD/z. 
Using the method described above, it was found that the corre-
lations based on both equations resulted in increasing (Nu.^)., only a 
AB lm 
few per cent above the theoretical, whereas, the experimental values 
of (l\!un.̂ )n near the end of the pipe were 20 to 60 per cent above the AB lm 
theoretical solution. 
Vertical Runs 
The local and logarithmic mean Nusselt numbers for the vertical 
runs with up flow are presented in Figures 2.h through 31 • It should be 
pointed out that in the presence of free convection these results are 
only applicable to a pipe of the overall dimensions of that used in 
this study. This is because free convection effects at downstream 
positions will have an effect on the flow pattern and concentrations 
upstream, 
The situation of subliming a high molecular weight material 
into a lower molecular weight gas flowing upward is analogous to the 
heat transfer situation of cooling a gas in upflow. In each case, the 
free and forced convection terms act in opposite directions. Constant 
wall temperature heat transfer correlations, such as those of Martinelli 
and Boe.lter (19) and Pigford (20) for fully developed laminar flow, and 
Wilkins (9) for developing laminar flow, predict the effect of opposing 
forced and free convection terms, is a reduction in Nusselt numbers 
from the predicted values assuming no free convection. Since the ex-
perimental data for this study lead to both local and log mean Nusselt 
numbers higher than the theoretical, it is apparent that the above men-
tioned correlations will not apply. 
In an experimental study of diffusion of vapors into a fully-
developed laminar air stream in a constant temperature wetted wall 
column, Giililand and Sherwood (21.) found their mass transfer data to 
be correlated much better by the Graetz equation for rod-like flow 
than by the equation representing fully-developed flow. These results 
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covered six organic liquids and water with air flowing both upward and 
downward.. Boe.lter (22) showed that the above mentioned equation of 
Martinelli and Boelter (19) which takes free convection into account, 
could be used to obtain a. correlation which is in fair agreement with 
the experimental data. While this represented a significant achieve-
ment, it did not explain why flow in both directions gives higher than 
theoretical results. For the results obtained in this study, the log 
mean Wusse.lt numbers for rod-like flow were found to correlate the ex-
perimental values near the end of the pipe quite well for the higher 
G-rashof number runs. At lower Grashof numbers, the results fell between 
the rod-like and the developing flow solutions. 
One explanation for the high Nusse.lt numbers found for the verti-
cal runs might be a transition to turbulence caused by the natural con-
vection forces. It has been established by several heat transfer in-
vestigations (23, 2k, 25, 26) that a transition to turbulent flow occurs 
under certain conditions at Reynolds numbers considerably less than 
2.1.00. For heating in up flow, this phenomenon is associated with a re-
versal in flow at the center of the tube* For cooling in upflow, it is 
brought about by the velocity gradient at the wall becoming zero. 
Sheele, Rosen and Hanratty (25) also detected a certain asymmetry in 
the flaw pattern for cooling water in upflow with constant wall tempera-
ture. The shift to asymmetric flow results in a region on one side of 
the tube in which there is essentially no flow, although occasionally 
hackiiiow is observed. The appearance of either asymmetric or unstable 
flow could be correlated with the ratio of G-rashof number to Reynolds 
number. 
While the values of Gr /Re covered in this study appear to he 
-A..D 
too low to result in a transition to turhulent flow, the fact that the 
flow is developing may change the picture considerably. Also, the fact 
that the test pipe almost certainly did not present as smooth an inter-
ior as those pipes used in heat transfer studies might have the effect 
of inducing disturbed or asymmetric regions to be formed. 
k$ Angle Runs 
The local and logarithmic mean Nusselt numbers for the runs made 
at a klj angle are presented in Figures 32 through 39- As in the verti-
cal case, the measured Nusselt numbers would be expected to apply only 
to a pipe of similar dimensions to the one used in this study. 
The free-convection forces encountered in this system might be 
expected to be a combination of those encountered for the vertical and 
horizontal cases,. Although exceptions were found during many of the 
rsr,s, the general trend appears to be that local values for the fluxes 
and Nusselt numbers agree more closely to the corresponding vertical 
values near the pipe entrance and more closely to the corresponding 
horizontal values further down the pipe. The considerable spread and 
everlapping found in the local results for the various pipe inclinations 
make it difficult to definitely establish this trend; however, the 
fact that it might occur does seem reasonable. 
The overall results obtained for the h^ angle runs were essen-
tially the same as those for the vertical and horizontal cases. Further 
lata at : ighcr Grashof numbers are required before any general conclu-
sions can be reached as to the best way to predict entrance length 
Nusselt numbers for inclined pipes when fres convection is a factor. 
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Over the limited range studied, it appears that any methods developed for 
use for the horizontal or the vertical cases could be used for the h^ 
inclination case without serious error. 
Concentration Measurement Results 
The experimental results are shown in Figures kO through k^ and 
are presented in Table 60, Appendix C. Curves representing the theore-
tical concentration profile for the particular axial location are also 
shown on the figures. 
Unfortunately, difficulties encountered in developing a reliable 
experimental technique did not allow the complete range of test condi-
tions to be studied. However, from the limited results obtained, sever-
al interesting relations can be seen. All the profiles show consider-
ably higher concentrations near the center of the pipe than predicted 
by theory. Agreement with the theoretical solution appears to be much 
better at positions near the wall. Runs at higher Reynolds numbers show 
more flattening of the profile than those for lower Reynolds numbers. 
This is in qualitative agreement with the results of the mass transfer 
runs, which showed higher deviations from theory for higher Reynolds 
numbers. 
The data presented for the vertical run, No. 29, show an almost 
perfectly symmetrical profile while the k^ angle run, No. 30, shows 
slight asymmetry, having higher concentrations near the top wall. The 
horizontal runs exhibit somewhat more asymmetry, however, the direction 
of skewness is not always the same. Preliminary results obtained during 
the 50 C runs indicate the same flattening of the profile and much more 
skewness than the results reported here for 38.2 C and 30.9 C. 
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The spread in the measured concentrations found at some locations 
appears to be much higher than would be expected even with the admitted-
ly high experimental errors involved in the measurements. It is suggest-
ed that this is the result of slight variations with time in such operat-
ing parameters as air flow rate or pipe temperature which result in much 
larger changes in free convection currents at these locations. 
For the run showing the symmetrical profile (Run ifo. 29), it was 
-possible to obtain a value of the dimensionless bulk concentration C, . 
b 
This was done by first assuming the velocity profile at the appropriate 
ReSeD/z to be that given by the theoretical solution. This velocity 
profile and the measured concentrations were then used in the numerical 
integration of an expression similar to equation (2-20). The C based 
on concentration measurements was compared to the Ct based on weight loss 
b 
•x-
measurements at the same axial location. The results for C were 0.̂ -7 
for the concentration measurements and O.38 for the weight loss measure-
-Sf 
meuts. At the same location, the value of H from the theoretical solu-
b 
tion was 0,29-. The agreement in results for the two experimental techni-
ques is within the estimated experimental errors and, considering the 
uncertainty in the velocity profile used, is felt to be quite adequate. 
Since concentration measurements bear roughly the same relation to 
mass transfer experiments as temperature measurements do to heat transfer 
experiments, the need for more advanced methods for accurately determin-
ing concentration can be seen. The method described in this study, which 
is considered subject to much refinement, was an attempt to meet this 
need. Quite apart from the data taken on the particular system under 
study, it is felt that a major result of this work has been to demonstrate 
the possibility of using concentration measuring techniques of this type 
to gain further insight into mass transfer processes. 
CHAPTER VIII 
CONCLUSIONS AND RECOMMENDATIONS 
Based on the experimental results obtained during this study, 
the following conclusions are reached: 
1. Measured mass transfer rates and Nusselt numbers for the 
entrance region are higher than predicted by a theoretical solution 
which assumes constant fluid properties. 
2. More deviation from the theoretical solution was noted for 
runs having higher Grashof numbers indicating free convection is a 
major cause of the deviation. 
3. The negative mass fluxes reported by Bosworth (6) for cer-
tain axial locations in the entrance region were not found to occur for 
any of the runs conducted during this study. 
k. Over the range of variables studied, available heat transfer 
correlations which assume fully-developed flow give results which are 
too low when applied to mass transfer in the entrance length. 
5 „ For Grashof numbers over 7000,, the heat transfer correlation 
i f Jackson, Spurlock and Purdy (l6) represents the experimental mass 
transfer Nusse.lt numbers for horizontal flow quite well. 
6. Over the range studied, very little difference in the over-
all mass transfer rate was noted for runs which were horizontal, vertical 
i o with, upf] ow or at a M-5 angle with upflow. 
7. The method described to measure concentration profiles 
appears to work satisfactorily for the naphthalene-air system although 
112 
Considerable room for improvement is noted. 
8. Based on concentration profile measurements for the naphtha-
lene-air runs., the concentrations near the center of the pipe were found 
to be considerably higher than predicted by the constant property theo-
retical solution. 
Recommendations for future study ir this area are: 
1. The collection of more experimental data covering a wider 
range of Graslof numbers for entrance length heat and mass transfer. 
These results are necessary before meaningful correlations which in-
clude free convection effects can be made. 
2„ Further studies to determine if turbulence induced by free-
convection effects is the cause of the higher mass transfer rates measured. 
3= The extension of variable property theoretical solutions for 
heat and mass transfer to include the entrance region in horizontal flow. 
h. Further work in the development of concentration measuring 
techniques. Refinements in the method described in this study which 
would lead to more reliable and more easily obtainable results would "be 





NUMERICAL SOLUTION OF THE MATHEMATICAL MODEL 
General 
The numerical solution of equations (2-4), (2-5) and (2-6) and 
their appropriate boundary conditions was accomplished by use of a 
Burroughs B-5500 digital computer. The equations were first put in 
finite difference form using an imaginary grid over the flow field. In 
a procedure advancing stepwise down the pipe, the system of linear dif-
ference equations resulting from equations {2-k) and (2-5) was first 
solved for values of axial and radial velocities at each grid point. 
These values were then used in the system of linear difference equations 
resulting from equation (2-6) to obtain a solution for the dimensionless 
concentration at each grid point. 
Finite Difference Representation of Equations 
The finite difference representation of the derivatives appearing 
in equations (2-4), (2-5) and (2-6) Is similar to that used by Hornbeck, 
Rouleau and Osterle (27). If a grid Is imposed on the flow field as 
shown in Figure 22, the following difference representations are used 
in equations (2-*+) at any point j+l,k(n < k < 1.) : 
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For any point ,j+l, 1, the following difference equation is used 
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where 
« = ̂ 2 + - 1 - (A-12) 
1 A ^ (AR)^ 
















V - 1/AZ 
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For equation (2-5), the following difference representations are 
used for any point j+l,k(n < k < l): 
p ̂ U - Rk(LTJ+l;k "
 Uj,k) + Rk+l(Uj+l,k+l " U j ; ^ l
) , „ 
R __ _ _ ^ ~ 2 ^ Z T
 (A~16) 
a(VR) =
 Vj+l,k+A+l " Vj+l;k
Rk 
b R AR 
(A-17) 
where R = (k - l)AR 
Substituting these values in equation (2-5) results in 
R, (U. 1 1 - U. . ) Rn . (U. _ . n - U. n _) 1- J+l,k J,ky k+lj j+l ,k+l j ?k+l/ 
~2(AZ)" 2AZ 
V. n , ,R, , - V. , .R. j+l?k+l k+1 j+l,k k 
AR 
For the point j+1,1 equation (2-5) is represented by 
J+lj2 j+1,1 j,2 j,l j+1,2 _ / 0v 
,_... — 2(AS) - — + AR " °
 [A~ly) 
(A-18) 
Addition of equation (A--19) and equation (A-18) written for each k fr om 
11 
2 to (ri-l) results in 
AZ \ V (Z) + Z RnU. n n 3R0 U. n 0 lfi0 U. , n — J w ^ ; k = 3 k j+l,k + ̂  2 j+1,2 + F-2 j+1,1 
= £ RnU. n , 3R0U. 0 , lRnu. n (A-20) 
k=3 
t j,k + if 2 j,2 + •£ 2 j,l 
since V (Z) = V. ., , 
w J+l,n 
Equation (A-20) may be rearranged to give 
3R0U. -, 0 1 R TJ. n n Y S R k U J + 1 k + f 2
u j + l , 2 + ^ 2 ; j + l , l = r j + l (A-21) 
where 
j+1. k=3 k j,k 4 ^ ' 4- J ' V AR / ^ ' 
If the derivatives in equation (2-6) are represented by 
-x- ,-x-
i^L = J+l;k j?k 
sz z 




2 * C - 2C + C 
d C _ j+l,k+l j+l,k j+l,k-l (A-25^ 
SR2 (AR)2 
for any point j+l.,k(;c > k > l), the following finite difference equation 
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i s o b t a i n e d 
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(Sc)U. .. - C \ 
_ _ J i ^ L Jk 
AZ 
(A-30; 
For the point j+1,1 the following difference equation is used: 
/ -)f / -X- / 
h o+m




a = J _ £ i ± + . — I — 




, (Sc)U * 
< — ^ J'1 (A'^ 
In order to calculate the molal mass flux and the radial velocity 




the wall, ̂  l-n n 17. T̂he expression used to evaluate the gradient for 
the j+1 axial position was 
m 
-In C „ n 
- 0 ± l i ^ (A_35) 
R=l AR 
This expression is based on assuming a concentration profile near the wall 
of the form 
C* = Ae13^'"1) (A-36) 
A3B -• functions of Z only 
The concentration gradient at the wall3 B, was evaluated from a know-
ledge of the concentration at a position AR away from the wall. 
The use of an expression of the form of equation (A-36) was made 
•x-
in an e f f o r t t o i nc rease t-r L. , and thus IT 3 near the p ipe e n t r a n c e . 
oKIK=l Aw' 
Earlier attempts to obtain the gradient by a£ turning a parabolic form for 
the concentration profile near the wall resulted in 11 being too low 
Aw 
near the entrance. The effect of this was an inconsistency in a step-
by-step mass balance. The mass balance Is discussed later in this 
appendix. '2he expression for the gradient given in equation (A-35) re-
sulted in improved agreement in the mass balance rear the entrance. 
Further downstream,, i.t gives results which are Ln close agreement to 
the results obtained using the parabolic form. 
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By combining equations (2-1*4-) and (2-15) > it may be shown that 





C ) * 
Ao; _dC 
R = 1,1 








Solution. of the 1 ifference Equations 
•x-
Let as assume tnat values are known for U, V, P and C for each 
radial position k(n > k > l) at the axial position j. It Is desired, to 
step down the pipe and solve for these values at the j+1 position which 
is a known, distance, AZ, away, 
Equation (A-5) for each k irora k ~ 2 to k -- n-1, equation (A-llj 
for k = 1, and equation (A-2.1) , constitute a system of n equations in n 
unknowns, U. n ., (n-i > k > I) and P. _, „ In apolying equation (A-2l) , a j+±.k ' j+1 L- ° x ^ / 7 
first, approximation is used by as sum Lag V a':. J+1 is equal to V at j. 
w w 
This system of equations is solved by using Gauss elimination and. back 
substitution^ 
Next.. values of the radial velocity at j+I are determined for k = 2, 
to k = n by direct substitution In equations (A-19) and (A~l8) of the 
known values of axial velocity„ 
Using known 'values of U and V at the j+1 position3 C at tne j 
position, and the Schmidt number for the system, equation (A-26) may be 
written for each point j+1, k(n > k > l) . A4:, the. point j+1, 1, equation 
(A-31) is used. This results in a tridiagonal system of equations which 
* • * 
may be solved for the unknowns G „ _, _, to C . . _, "by the method outlined 
j + r,l j+l,n-l 
in reference (28). 
ac 
The dimensionless concentration gradient at the wall — 
On I R-.. 
is then determined using equation (A-35) and V at j+1 is calculated 
w 
from equation (A-37). A test is then made to determine if the new value 
of V is within a required tolerance (in this study 2 per cent) of the 
w J 
first approximation of V. used. If not, the method is repeated using 
w 
the new /alue of V as the next approximation in equation (A-22) until 
w 
successive values of V are within the required tolerance. Since values 
w 
-x-
of U5 V, C and P are known at the j+1 axial position,, one is now able 
to make the next step down the pipe. 
Pfumericai solution for ';ther Variab1es 
At each step down the pipe*, several other quantities were eval-
uated. before moving on to the next step. The mola.I mass flux at the 
wall was determined from equation (2-15) with the derivative being re-
-x-
preseuted by equation (A-35). Tne bulk concentration, C as defined in 
equation (2-20), was obtained from the known values of U and C using 
Simpson's Rule to perform the integration across the pipe cross-section, 
The local Uusse.lt number for mass transfer, (]\Tur_).. . was determined 
Ari ,;.oc 
from equation (2-22) using the numerically evaluated concentration gradi-
ent at the wall and the dimensionless bulk concentration. 
The log mean Nusse.lt number, (Nufl„), , was determined from ° - AB 1m 
(NuAT3). = (C.n -C. ) Sc/(AC), Z (A-39) 
v AB ±m Ab Ao ' im 
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where 
(cA ~ c A J • (c. -c 
(AC) 
"Aw" AnJ v -"Aw"'"'A>) 
im C. -C. (A-Uo) 
. Aw A Q 
In —^-—-——— 
Aw"lAb 
In a similar manner, (Nu.^) was calculated by replacing the logarith-
AB am 
mic mean by the arithmetic mean concentration driving force in equation 
(A-39). Using a procedure similar to that used by Wiikins (9) to obtain 
a step by step energy balance, a step by step mass balance of subliming 
material was made. Between two successive axial locations a distance 
AZ apart, the average mass flux necessary to produce the calculated 
change in bulk concentration was found from the expression 
( U * Wirwp)(ACb/AZ) (A-Ul) 
This was compared with the arithmetic average of the mass fluxes at each 
end of the step, N„ and Nn 3 respectively, in an error expression Aw., Aw„ 
N. + lh 
Aw. Aw 
Step Error = 1 - — — ^ ' * (A-̂ i-2) 
Aw m 
An overall error term, calculated in a similar manner, compared, the over-
all change in bulk concentration from Z = 0 to the point in question with 
the change calculated by integrating the local flux values. The inte-
gration was performed numerically using the trapezoidal rule. At each 
axial location the distance parameter ReScL/z was calculated from 
ReSeB/z - kBc/'l (A-l+3) 
The Grashof number based on the pipe diameter and the log mean concen-
tration difference was calculated from. 
( ° W l m =
 78kk-8 ^ P ^ A - V ^ l n A 2 <AJ*> 
Notes on the Computer Frogram 
The computer program was written In Algol for use on the Burroughs 
B-5500 digital computer. Values for eleven input variables are required 
to begin the program. These variables and the usual values used are 
given In Table 12. In general, the nomen.Qla.tixte of major variables is 
consistent with that used throughout this study within the limits im-
posed by the syntax of the computer language. The step error term dis-
cussed in the previous section is written as EQ1 in the program and the 
overall error term Is EQ2. The term (TL is MWC. 
• Aw m 
The program was written so as to allow flexibility in the selec-
tion of grid size. Several trials were made using different values of 
DELS and DELZ. 'Iiie.se values ranged downward to DS1R of 0.001 and DELZ 
-7 
of 10 . The values for these variables in Table .i_2 represent a compro-
mise to obtain the highest accuracy possible and still cover the desired 
range in a reasonable amount of computer time5 usually about fifteen 
minutes„ 
The initial step size was determined by the input value DELZ. 
After the first step, the step Qize was increased such that each step 
was 1.5 times the previous step until the step size reached a value of 
0.0035. All subsequent steps were then of length 0.00.35. 
Beserai trial runs of the program were made before addition of 
Table 12. Computer input Variables 











System temperature, K 
Viscosity of air, gm/cm-sec 
Density of air, gm/( a 
Average dimension!e s radial 
velocity at inlet 
Average dimensioniess axial 
velocity at inlet 
iimer_s.ion.less pressure at inlet 
Dimensioniess concentration at 
inlet 
An integer which signifies how 
many axial steps are taken 
Huffib er of radial divi s ions in 
the grid 




See Appendix B 








RAD Pipe r ad iu s in cm, 2.0320 
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the procedure of calculating the radial velocity at the wall from 
equation (A-37). For these runs, V (Z) was assumed to be zero. Due 
w 
to the relatively small mass fluxes encountered in this study, no 
significant effect on the calculated results was found by including 
the radial velocity at the wall in the solution. The procedure of 
eva.luat.icf-; V (Z) was left in the computer program, however, to insure 
w 
its applicability to systems involving higher mass transfer rates. 
A typical, program is given in Table 13. This program is written 
for the naphthalene-air system. To convert the program to para-dichloro-
benzene-air, the expressions used to calculate vapor pressure, diffusivity 
arid Schmidt number must be changed to coincide with the proper expressions 
as given in Appendix B. 
Adequacy of the Numerical Solution 
The question of stability and convergence of a numerical approach 
similar to that used in this study is discussed by Wilkins (9)- He con-
cludes that such a solution will be stable and convergent for non-negative 
axial velocities, Since axial velocities were always positive or zero in 
this study and due to the complexities of proving stability and conver-
gence, it was decided to determine the adequacy of the solution by com-
parison to known solutions for fully-developed and for uniform flow and 
to ¥11 tins' solution for developing flew. 
The numerically calculated log mean and local Nusselt numbers 
for a parabolic profile are presented in Table 7. 'This situation is 
the mas;., transfer analogy to the Graetz (jb) problem, in heat transfer 
which is discussed in detail by Jakob (29). Below Relcf/z of 1000, the 
Table 13. Computer Program Used to Obtain Theoretical Solution 
LABEL 0000000OOPUNCHER0016603301 6613200000000000000000000000100001000000000000 
BEGIN CARD B TlMM CARD ilST INTEGER I pJpKpNJ REAL SCpT PDABpMUpRHOPCAW*DEL0O0OOiOO 
R P V B A R # U B A R P E T A * D E L Z P T E R M 2 P T E R M 3 P C H K P W V E L ^ G R A B P V P P C S T R B P T 4 P T 5 P T 6 ^ 0 E L C A * D 0 0 0 0 0 2 0 0 
ELCL# N U A M P N U L N P N A W C 2 P SUM* TERM!P PRESSP SLOPE* NAWpCAOPRADPC1PC2PC3pC4>CABPN0000030Q 
UAB*NAWCpNAwClpNAWlpCABl*CAB0pINTlpINT2pTlpT2pT3pEQipEQ2pZpLpRESC0ZlARRA00000400 
Y A S T R p H P V # U P R p C S T R p A P B p C P D P E * F P Y P U S C P V S C P A A P B B P C C P F F P W P G [ 0 1 1 0 0 5 3*LABEL 00000500 
REOOILIST I N P U T C T P M U P R H O P V B A R P U B A R P P R E S S P C A O P I P D E L R P D E L Z P R A D ^ L I S T LSTIC00000600 
T P M U P R H O P D A B P D E L R P C A C U R A D * S C > C A W P D E I Z ) I L I S T L S T 2 C Z P L P R E S C D Z * N A W P C A B P S L O P 0 0 0 0 0 7 0 0 
E P N U A B P P R E S S ) ) L I S T L S T 3 ( E Q 1 P E Q 2 P N A W C P G R A B 5 I L I S T L S T 4 C C S ? R B P N U A M P N U L N ) J F I 0 0 0 0 0 8 0 0 
LE IN CARD(2*10)IFILE OUT LINE 4 C 2 P 1 5 H F 0 R M A T FMT!("T * W P F 7 9 2 P X 4 P " M U "00000900 
"*E12 e5,X4p«RH0 a "pEi2 ,5*X4pWDAB a ",Ei2 05pX4p"DELR « " P F 8 05//"CA000001000 
• "pF5 02>X4,»RAD « % F 7 94pX8*
wSC • % F 8 ,5pX9p"CAW « wx>El3 o 6P X 3 P "DELZOOOOl 100 
• W P F 8 05//)*FMT2(//*Z « "pF9 0 6 P X 4 P * L a »pF8 0 5 P X 4 P "RESCD/Z » " P F U O 3 0 0 0 0 1 2 0 0 
P X 4 P W N A W « ">E13 06//"CAB * " P E 1 3 0 6 P X 4 P " S L 0 P E a
 W>E13 O 6 P " N U A B a "pE13 00001300 
0 6 P X 4 P
W P R E S S U R E • W P E 1 3 c6/ )#FMT.3( X 4 P W R A D I U S W P X 5 P * AXIAL VELOC ITY
WPX5P"RA00001400 
DIAL VELOClTYwpX5p"CONCENTRATlON"3pFMT5Cf,EQi * " P F 8 e5pX4 P»E02 =
 wpF8 0500001500 
P X 4 P
W N A W C " "*E13 O 6 P X 4 P W G R A B a " P E 1 3 0 6 / 5 P F M T 6 ( " C S T R B "
W P F 8 C 5 P X 4 P " N U A M 00001600 
a % F 8 , 3 P X ^ P W N U L N • "pF8 C3/)pFMy4CX3pFT 04pX4p3CE14 87pX6>) IREADCCARDp/OOOOi700 
»INPUT)JCLOSEcCARD,RELEASE)ISC#.7o0xCT*(-0el85))IRAD4.0a80xRADIDAB4.MU/(RH00000l800 
M5C)IVP«-EXP(2 e303x(U 0550-(3765/T3})KAW*Vp/C82.06K760>«T)|N*Hl/DELR^CAB00001900 
0*0»OKAB*0 0OHNTl*OoO)FOR K M S T E P 1UNTILCN"! 5D0 BEGIN VtK3*VBARIUCK3*UB00002000 
ARIC5TRtK3«-OoOIRtKU(K-j)xDELR^ENO^VCNl*Ui:N3*0 0OIR[N3*CSTR[NHl 003TERM2*00002iOO 
(2e0
)<DELR5*(»le0>^TERM3<}.(DELR5*C'-2,0 5>WRlTECLlNEpFMTlpLSTniF0R J* 1 STEP 00002200 
1UNTIL I DO BEGIN £TA<H o0/DELZJREDO8SUM*0 0OJFOR K > 2 S T E P iUNTILCN-1>D0 BE00002300 
GIN TERMi*<2e0xRCK3xDELR>*C»l8O)IACK3fTERMl-VCK3XTERM2-TERM3IBtK3*2o0KTE000024O0 
RM3*UtK3xETA^cCK3«-VCK3xTERM2-TERMi-TERM3^DCK]*RtK]lECK]4.ETAlF[K3*C(U[K3xOO00250O 
U[K 3 HPRESS)xETAlSUM*SUM*CRtK3xUCK3)ENDIBU3*^ 6OxTERM3+UC13xETAKCl]*-4 ,00002600 
OKTERM3lD[13*Rt23/4o0lD[234.3e0"0[i3IO[N3*0-OiECi3«.ETAlFci3*(CUtl3xUtl3)+0OOO270O 
PRESS )xETAlFCN3*SUM+((Ucl3-Uf23 5xR[2 3/4 00)l Ft N]4.FCN]-VCN]xDELZ/DELR^F0R 00002800 
K M S T E P 1UNTILCN-23DO BEGIN FtK3«-FCK 3/BCK 3) EC K 3«-ECK 3 /BCK J K CK 3*C t K ] /BCK3OO0O290O 
|FtK + 13*F[K + 13»FtK3xAtK*13)Ei:,<*13*ECK*i3-ErK3xAtK + 13)BCK*i3*BtK*U-CCK3x0O003000 
AtK*l3IDCK*l3(l'DCK + l]-DrK3xCCK])0rN]*DtN3-DCK3xE:CK3lFCN34'FZN3-DCK3xFCK3ENOO0O310O 
DIFOR K«-(N-1)D0 BEGIN F[K 3 «-F fK 3 /B [K 31 ETK 3 *ECK 3 /B tK 31 DCN 3 «-DC N 3-D [K ]*E[ K 3 \ 00003200 
FCK+l3*FCK+l3-DtK3xFCK3END)YCN3*FCN3/ftCN3;YtN-l]*FCN-13-ECN-13xY[N3^FOR 00003300 
K*(N-2)STEP(-liUNTlL 1D0 Y CK 3«TCK 3-ECK] xY{N ]-C [K3xY [K + 1J1 Hi 13<-0 e0* Ht 2 3*-0000 3400 
(OELRx(YC2]+Yri3-Ut23»Utl3))/C*»OxDEL2)IFOR K«-2STEP 1UNTIL N-2D0 HCK+l3*00003500 
Table 13 . (Continued) 
C K - l 5 x H [ K ] / K - { D E L R / ( 2 > « D E L Z ) 3 x ( C ( K - l 5 / K ) ) c ( Y r K 3 - U t K 3 ) + CYCK4i!-UCK + i 3 ) ) ) H C N 0 O 0 0 3600 
3 * C N - 2 ) x H [ N - i ] / C N - 1 5 - C D E L R / ( 2 x D E L Z 5 ) x C ( ( N - 2 3 / C N - ! n x C Y C N ' B ! ] - U C N - n ) ) ^ r O R 0 0 0 0 3 7 0 0 
KMSTEP 1 U N T I L C N - D D 0 BEGIN USC[ K 3*YCK Jx$c* VSC C K ] «-HE K 3><SC2 END* FDR K*2ST00003800 
EP S U N T l L ( N - i ) D O BEGIN TERM 1 * C 2 0 OxR [ K 3 xDELR ) * ( - 1 0 0 ) I A A CK ] *T£RM 1 -VSC [ K 3 xT00003900 
ERM2-TERM3^BBtK3*2,OxTERM3+USCCK3wETAKCCK3^VSCCKJXTERM2-TERMi*TERM3lFFC00004000 
K3*USCtK3>«ETAxcSTRtK]END^BB[iUAcO«TERM3 + U S C C i 3 x E T A K c C i H - A c O X T E R M 3 I F F t 0 0 0 0 4 j O O 
1 3 * U S C [ l j x E T A x C S T R C i ] J F F t N - S l ^ F F C N - l 3 - C C t N - n i W t l 3 * B B t M l G t l 3 * F F [ 1 3 / H C 1 1 0 0 0 0 4 2 0 0 
IFOR K*2STEP I U N T I L ( N - 1 ) 0 0 BEGIN W [K 34-BBfK 3-AA[K3*CC [ K - i 3 / H c K - l 3* GC K 3 * < F 0 0 0 0 4 3 0 0 
F t K 3 - A A t K 3 X G C K - 1 3 ) / W t K 3 E N D l A S T R [ N - 1 3 * G t N - n i F O R K*<N»2)STEPC»1)UNTIL 1D000004400 
ASTR[KJ*GCK3«8CC[K3xASTRCK+13/WCK3lSLOPE*-(LNCASTRCN-13)) /DEURlNAWl*DABxoo004^00 
( C A W - C A 0 ) x S L 0 P E / R A 0 J H V E l * - N A W i x l 2 8 o 1 7 x R A D / M U K H K * { W V E L - H [ N 3 ) / W V E L H F ABS00004600 
CCHK)>0,02THEN BEGIN VCN3*WVELJG0 TO REDOJENDJFOR KMSTEP l U N T U C N - i )D0 00004700 
BEGIN UcK3*Y[K3iVtK34.HtK3)CSTR[K3<i .ASTRtK3^END^PRESS<.Y[N] lVCN3*HCN]ni4-C200004^00 
• C3*C4«-0e0JF0R K*2STEP 2UNT R < N » 1 500 BEGIN C U C l + U f K 3*CSTRtK 3*CK«»1 >K2«-C00004900 
2+UrK*13xCSTRfK + 1 3 x K K 3 * C 3 * U C K 3 x c K - n i C 4 * C 4 * U C K + i3XK ENDKABl*CCAW-CAO)xoo005000 
( C 2 x C l ) * C 2 ) / ( ( 2 x C 3 ) * C 4 ) ^ N A W C l * M U / ( 2 x R A D x R H O ) x C C A B i « C A B ) / D E L Z K A B * C A B H N U 0 0 0 0 5 l O O 
AB«.2*SL0PE*(CAW-CA0>/CCAW-CAB)IZ*Z + D E L Z H F Z*DELZ THEN NAW«-2*NAWC1 -NAW1J00005200 
T i « . C A B - C A B O n N T l * I N T l + CNAW*NAW15xDELZ/2)T2«- (2xRADxRH0/MU)x INTnEQl* l - (NA0OOO5300 
W * N A W l ) / C 2 x N A H C l ) l E Q 2 * l - T 2 / T n N A W * N A W l l N A H C « ' N A W C U L * Z / S C ; R E S C D Z * 4 o 0 / L K 4 0 O 0 0 5 4 0 0 
• CAW-CA0JT5*CAW-CABJ DELC A M T 4 * T 5 ) / 2 J DELCL* (T4"»T55 /LN(T4 /T5 )JGRAB*7844 0 8 x 0 0 0 0 5 5 0 0 
R A D x R A 0 x R A D x R H 0 x 9 9 , i 9 x ( 0 E L C L 5 / C M u x M U ) K S ? R B * { ( 2 » e C l ) + C 2 ) / C ( 2 x C 3 ) * C 4 ) l N U A M 0 0 0 0 5 6 0 0 
• T 1 X S C / ( D E L C A X Z ) J N U L N * T 1 X S C / C D E L C L « Z ) ) W R I T E ( L I N E P F M T 2 P L S T 2 ) J W R I T E C L I N E * F 0 0 0 0 5 7 0 0 
MT5#LST3) iWRlTE(L lNE*FMT6j»LST4HWRITECLlNE»FMT3) IF0R K* l STEPCNM ) / 1 0 U N T 1 0 0 0 0 5 8 0 0 
L N DO WRITE(LINEi»FMT4i>RCK3pUCK3pVCK3*CSTRCK3)lDELZ«-l05KDELZMF D E L Z * 0 * 0 0 0 0 0 5 9 0 0 
035THEN D E L Z * 0 0 0 0 3 5 J E N D ) T I M M C L I N E P 2 ) J E N D 0 0 0 0 0 6 0 0 0 
LABEL OOOOOOOOOPUNCHEROOI66033016613200000000000000000000000100001000000000000 
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numerically calculated. Nusselt numbers wore compared to values calculated 
from the Graetz solution by Lee (30) . The results of this comparison 
are presented in Table l4. The agreement between the two solutions was 
quite good with the maximum deviation occurring at ReScD/z near 1000 
where the local Nusseit numbers for the Graetz solution were about 5 
per cent lower than those obtained Humeri :ai.Ly. 
In comparing mean Nusseit numbers., the question arises as to 
whetuer log mean or arithmetic mean values are being employed. For 
instance, Leer c- (30) calculated Graetz solution values are based on the 
arithmetic mean driving force whereas the values used in this study are 
based on the .logarithmic mean. Fortunately, this presents no problem 
in fchis study since above ReScD/z of 100 the difference between the 
two is less than 1 per cent. At ReScD/z of 30, which Is about the mini-
mum value covered here,, the difference is only about h per cent. 
Because of the large number of eigenvalues required to obtain 
ae -.urate solutions to the Graetz problem near ins entrance, the numeri-
al sol it',ion for fully-developed flow was compared to the Leveque solu-
tion for ReScD/z > 1000. The Leveque solution represents an asymptotic 
solution to the Graetz problem and should apply at high values of ReScD/z. 
This solutionj as gives bty (ll), car. be represented by 
(Fu^) l m = l^ReS.cS/z)
1^ (A-45) 
Results of the comparison of (iu.-,), values calculated numerically to 
AB im 
bhose c a l c u l a t e d from equat ion (A-H5) a r e presented, i r Table 15 . At 
ReSoD/z of 1000, the Leveque values a r e about 6 per cent higher than the 
Table lU. Comparison of Numerical Solution for 
Fully-developed Flow to the Graetz Solution 
Mean N u s s e l t 
• * • * 
PTumber L o c a l Nusse . l t Number 
ReScD/z N u m e r i c a l G r a e t z N u m e r i c a l G r a e t z 
980 1 5 . 0 1 5 . 2 1 0 . 5 1 0 . 0 
Y% 13-6 1 3 . 9 9.6 9 .17 
**35 1 1 . 5 1 1 . 6 8.0 7 . 6 8 
220 9 .22 9.2.1 6 .30 6 . 1 8 
9 7 . 1 7 . 0 8 ( 7 . 0 2 ) 7.0U *+.93 1^.88 
6h.9 6 .26 ( 6 . 1 9 ) 6 . 1 9 k.hk l+.Ul 
U3.3 5 .58 (5^6) 5 ^ 7 1+.08 ^ . 0 6 
Graetz values calculated by Lee (30) 
*•*• Numerical values are log mean Fusselt numbers and Graetz values 
are arithmetic mean Nusselt numbers. For ReSo'D/z < 100, numerically 
calculated arithmetic mean Nusselt numbers are also presented follow-
ing the log mean value. 
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Table 15. Comparison of Numerical Solution for 
Fully-developed Flow to the Levê que Solution 
ReScD/z 
Logarithmic Mean Kusse.lt Number 
•x-
Numer ical Le veque 
12073 35 .hi 37.17 
5287 26.72 28.22 
2335 20.19 21.U9 
1035 15.27 16.39 
•x-
i a i - u l a t e d from (l\TunTJn = 1 .62(ReScD/z)
1 / 3 
AB 1m ' 
numerical. At higher values of ReScD/z, the two solutions were found 
to 'lowly cor. verge. A similar situation was found by Wilkins (9) in 
comparing bulk temperatures calculated numerically and by the Leveque 
solution, 
For the uniform velocity case, the numerically calculated log 
mean Nusse.lt numbers were compared to 
(NuAB)lm - 1.128(ReScD/z;'
L/2 (A-h6) 
which is based on an equation given in (31)? modified far mass transfer. 
For ReScb/z from 750 to 2000, agreement was within 2 per cent and, at 
ReScD/z of 50C0j agreement was within 3 per cent. These results are 
presented in Table 16, 
Wilkins (9) points out that comparison to the fully-developed 
Table l 6 . Comparison of Numerical So lu t ion 
t o So lu t ion for Rod- l ike Flow 
P.eScD/z 
Logarithmic Mean Nusse.lt Number 
•x-
Nnmerical T h e o r e t i c a l 
5287 78.63 82,02 
2335 53.^2 5I+.51 
1035 36.38 36.29 
739 31.12 30.67 
la.isur&k :d from (NuA_Jn = l.lP.8(ReScD/z)
1/2 
v AB'lm \ 1 / 
velocity solution may not be a strer nous test to apply to an entrance 
length solution. This is because radial velocities do not enter into 
the fully-developed velocity solution and inconsistencies in mass or 
heat balances caused by radial velocity terms will not show up. For 
this reason^ it was felt desirable to compare the numerical solution 
used in this study to that of Wilkins for developing flow. 
A numerical solution with Sc = 1 was obtained to compare with 
Wilkins1 results for Pr = 1. Tne results of thin solution are present-
ed in Table 17. A comparison of the solution to that of Wilkins is shown 
in Figure !i7. As can be seen the agreement between the two solutions is 
excellent. Deviations between the two solutions are usually less than 
1 per cent over the range of interest in this study. Also, pressure 
drop term."' and velocity profiles reported by Wilkins were compared to 
those calculated in this study. Agair, tne agreement was excellent. 
Sk 
ReScD/z 




Table l y . T h e o r e t i c a l Resu l t s for Sc = 1 wi th Developing Flow 









99. 4 5.17 
48. 6 4.24 
19. 2 3.71 
13. 06 3.67 













Fur developing flow, the approach to the Pohlhausen solution for 
a flat plate was investigated near the entrance. This solution can be 
represented by (7) 
^ V l m = -66k Sc-°-l67(neS^/z):L/2 (A-kl) 
It was found that hy decreasing the grid size, the numerical solution at 
extremely high values of RescD/z could be made to approach this solution 
as closely as desired. The reduction in grid size had no effect on the 
Fusselt numbers in the range of Interest of this study. 
The error term based on a step-by-step mass balance as defined 
in equation (A-42) was found to snow deviations of up to 30 per cent at 
positions very near the pipe entrance. These errors rapidly diminished. 
and were below 3 per cert at ReScD/z ô" 50' -0. Further down the pipe, they 
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approached zero. The overall error term showed deviations in the overall 
ma.SB 'balance of approximately 30 per cent near' the entrance, 10 per cent 
at ReScD/z of 5000, and 3 per cent at ReSci/z of 5C\J. 
Changing the grid size from 300 to 1000 radial divisions and the 
initial AZ from 10 to 10 was found to effect the results above ReScD/z 
of 10000. Below ReScD/z of 5000 5 Lne finer grid size had an insignificant 
effect on the calculated values or the magnitude of the error terms. 
Consequently, the coarser grid was used to conserve computing time. 
APPENDIX B 
PIRlST/iAl PROPER7JIEL-
Density and Viscosity 
The numerical values for the density ar_d viscosity of air at one 
atmosphere pressure were obtained from tables gi/en in reference (32). 
For purposes of interpolation, it was assumed that the viscosity was 
directly proportional to the absolute temperature and the density was 
inversely proportional to the absolute temperature. 
Vapor Pressure 
For naphthalene9 the following vapor pressure equation of 
Sherwood and Bryant (33) was used: 
log10 VP - -(376t/T) + 11.55 (B-l) 
Vi in mm Hg s T in K 
This expression is based on experimental data obtained by the 
authors using a flow method in which air was slowly passed through a 
tube packed with broken pieces of cast naphthalene. From measured 
weight loss and air volume, the vapor pressure was calculated assuming 
trie leaving air saturated. This equation is recommended by the authors 
for use between 0'C ana 38 C. 
Sir.ee the temperature range of interest in this study was from 
o , 0 
30 C to 50 •-', several other vapor pressure expressions were aiso con-
sidered to determine the validity of using equation (B-l) to 50 C. An 
expression developed by Sogin (3) based on experimental measurements 
by Thomas (3̂ -) over the range 0 C to 80 C agrees within 2 per cent with 
equation (B-l) over the range of interest. 
Bedingfield and Drew (35) report vapor pressures on reagent 
grade naphthalene at four temperatures between 50 G and. 66 C. Their 
experimental method was of the flow type as described above. The re-
ported vapor pressure at 50.0 C is 0.764 mm Hg. This is about k per 
cent lower than the value calculated at 50.0 t Using equation (B-l). 
A correlating equation for the vapor pressure of naphthalene 
ba ed upon a ."' iteraiure survey and also some of their own experimental 
data is given by Christian and Kezios (12). Their equation gives vapor 
pressures which are approximately 5 per cent higher than those obtained 
from equation (B-l.) ever the temperature range of interest. 
The vapor pressure of p-dichlorobenzene was determined from 
log10 VP - 11.3^7 - (3382.9/2?) (B-2) 
VP in mm Hg, T in K 
The equation was developed by Walsh and Smith (36) and is based 
on their measurements on highly purified p-d.ichloroben.zene by a direct 
pressure mea sur ement tecnn1que. 
Bedingf ield an! Brew (35) aj, . o made vapor pressure measurements 
or bechnical grade p-dichlorobenzene using a flow technique. Their re-
sults., represented by an equation developed by Sogin (3)? appear to be 
about 3 per cent lower than the results obtained, from equation (B-2). 
138 
An equation given in the International Critical Tables (37) for 
the vapor pressure of para-dichlorobenzene gave results approximately 
ko per cent lower than equation (B-2). 
Diffusivity and Schmidt 'Number 
The Schmidt number for the naphthalene-air system was determined 
from the following equation recommended by Sherwo.d and Trass (38): 
Sc = 7 x T"0'185 (B-3) 
T in °K 
This equation was developed according to the procedure recommended 
in (39) and gives agreement within about 2 per cent of experimental data 
(apparently the data of Mack (ho) at 25"(';). The diffusivity of naphtha-
lere in air was evaluated from the known values of Schmidt number, 
viscosity, and density. 
The diffusivity of p-dichlorobenzene in air at 30.9 0 was calcu-
lated using Gilliland's method as given in (39)- Sogin (3) has used 
this method and reports good agreement between his result and an experi-
mental determination made by Kezios (4l) at 77 J1. Vising Gilliland's 
equation, the diffusivity of p-dichlorobenzene at 30.9 0 and one at-
o 
mosphere was calculated to be 0.071 crn~/sec, TY.e diffusivity was also 
calculated by a method given in (ll) which is based on the kinetic 
theory of gases„ The Lennard-Jones force parage f.ers were estimated 
from melting point data. The diffusivity at the above conditions was 
found to be 0.0 f2 cm /sec by this method. The Schmidt number was cal-
culated from known values of diffusivity, density, and vs.scosity. 
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The numerical values which were used for each of the physical 
properties at each test temperature during this study are presented in 
Table 18. 
Table 18. Physical Properties of Test Materials 
Temperature Density of Air Viscosity of Air, Diffusivity, Schmidt Number 
o^ at 1 atm., em/cm-sec 2 , at 1 atm. 
C / cm /sec 
gm/cc ' 
Naphthalene-Air System 
30.9 1.1612 x i o ~ 3 1:8635 x 10". 6.602 x 10"^ 2.1+30 
38.2 1.1339 x 10"^ 1.8973 x 1 0 \ 6.913 x 10" 2.420 
50.0 1.0925 x 10~° 1,9520 x 10" 7.^33 x 10 2.1+03 
Para-Dichlorohenzene-Air System 
30.9 I.l6l2 x 10"
3 1.8635 x 10" 7.100 x 10"2 2.260 
APPENDIX C 
EXPERIMENTAL RESUI 
Table 19- Individual Values Used in Obtaining 
Weight Loss Correction Term 
T
z \ n c :oH8 CIOHK c ioH8 
Number Inches , , 
at at at 
30.9° C 38.2° C 50.0° C 
Weight Loss of Test Ceotion in 
2 1.97 0.006 0.007 0.008 
3.59 0.007 0.007 0.012 • 
5 11.31 0.006 0 •)'.){ 0.002 
6 0.007 0.007 0.007 
23.3^ 0.005 0.006 0.010 
1 0,006 0.005 0.004 
.1.1 35.35 0.005 0.009 0.005 0.( 
12 36.88 0.006 - '-'< 0.017 
1*4 ^7.28 0.005 0.006 0.005 
Jr-> , 0.005 0.006 0.00^ 
17 59.28 0.006 0.006 0.00*4 
69.72 0.006 0.007 0.005 
19 71 . hi 0.005 0.006 0.007 
i-age Value 0.006 0.007 0.008 
Table 20. Calibration of Chromatograph 
Temperature Chromatograph Outpi -t, Naphthalene 
°C Peak Height x 50 COJ 
gril-
le e n t r a t ion q 
-mol/oe x 10 
22.0 16, 16 3,15 
26 .1 22, 2 1 , 22 5.20 
31.2 38, 37, 36, 36 7.95 
35.2 50, 52, U7 11.31 
40 .1 7^, 77, 78 17.28 
44.9 122, 120, 122 26.00 
49.8 168, 186, 174, 18.1, 184 38.80 
Table 21. Experimental Results of Test Run No. i 
Temperature, C 50.0 
Pipe Position Horizontal 
Reynolds Number 445 
Schmidt Number 2.40 
Test Material Naphthalene 
3 3 Density, g/cm x 10 
Viscosity, g/cm-sec x 10 
2 






Duration of Run,sec 12300 





ReSeD/z N xlO 1 0 
Aw (Uu.J, v AB'ioc 
^ I m Cb 
2 1.97 881.8 83.9 12.47 19.85 0.086 
3 3.59 483.0 66.0 10.23 16.02 0.124 
5 11.31 1 5 3 - '•• 4o.4 7.34 11.17 0.253 
6 12.88 134.8 36.9 6.89 10.68 0.272 
8 -3.34 74.3 32.4 7,16 9-04 0 ^85 
9 34.91 69.7 33.8 7 = ;: 8.94 0. 4oi 
11 35.35 K M 28.9 7.92 8.61 0.504 
12 36.88 47.1 28.2 7.93 8.58 0.518 
14 47.28 36.7 20.4 6.88 8.34 0.597 
1- 48.94 35-5 21.0 7.25 8.29 0.608 
17 59.28 29.3 22.0 9-25 8.27 0.677 
18 69.72 24.9 : . . • . , 9.16 8.42 0.742 
19 71.41 24.3 11.5 6.21 8.40 0.749 
Table 22. Experimental Results of Test Run No, 2 
Temperature, C 50=0 
Pipe Position Horizontal 
Reynolds Number 447 
Schmidt Number 2.40 
Test Material Naphthalene 
3 Density, g/cm x 10" 
Viscosity, g/cm-sec x 
2 






Duration cf Run,sec 10000 







Aw **Wloc (Nu ) k AB;lm 
* 
2 1.97 885.7 83.6 12.24 16.42 0.071 
3 3.59 485.1 70.5 10.78 14.21 0 , 111 
5 11.31 154.1 40.7 7.32 10.80 0.244 
6 12.88 135.4 36.7 6.77 10.34 0.263 
8 23.34 74.7 35.6 7.80 8.96 0.381 
9 24.91 70.0 39.0 8.83 8.92 0.399 
11 35.35 ^9.3 33.9 9.56 9.00 0.51? 
12 36.88 47.3 29.7 8.64 9.01 0.533 
l4 47.28 36.9 22.5 8.00 8.87 O.618 
15 48.94 35.6 25.0 9.19 8.86 O.630 
17 59.28 29.4 33.1 16.27 9.46 0.72^ 
18 69.72 25.0 24.2 18.02 10.62 0.817 
: • • 
71.41 24.4 18.1 14.30 10.75 O.828 
H 
• • - ' 
Table 23. Experimental Results of Test Run No. 3 
Temperature, C 50.0 
Pipe Position Horizontal 
Refolds Itaber 1015 
Schmidt Number 2.̂ 0 
Test Material Naphthalene 
3 Density, g/cm x 10 
Viscosity, g/cm-sec x 10 
2 
Diffusivity ., cm /sec 
1+ 
1,057 
i - 9 5 2 
0 .077 
Date 8-0^-65 
Duration of Run,sec 12537 
Average Diameter,in. 1..6l 
S e c t i o n z i n ReScD/z NA x 1 0
1 0 
Aw ( l J uAB>loc ^ W l m 
Number I n c h e s 
2 1.97 1998 .8 119 . h 16.9U 23.5
1* 0.0U6 
3 3 .59 109U.8 9 9 . 8 1.1*. 5^ 20 .02 0 = 071 
5 1 1 . 3 1 3^7.7 6 3 . 1 1 0 . 2 8 lU .90 0 .158 
6 12 .88 305 .5 5 7 . 0 9 . 3 1 11+.28 0 . 1 7 1 
8 23«31+ 168 .5 1*7.4 8 . 5 1 1 1 . 3 8 0.2U6 
9 2 ^ , 9 1 157 .9 hi.3 8 . 6 1 1 1 . 6 8 0 o 256 
11 35 .35 1 1 1 . 3 1*0.1* 8 . 0 3 1 0 . 6 9 0 . 3 1 9 
12 36 .88 1 0 6 . 7 3 7 . 7 7 . 5 9 1 0 . 5 7 0 .327 
Ik U7.28 8 3 . 2 3 2 . 1 6 . 9 8 9 .85 0 .377 
15 1*8.91* . 80.U 3 5 . 3 7 . 7 7 9<77 0 . 3 8 5 
17 5 9 . 2 8 66.1* 1*3.3 10.1+9 9 .65 0.1*1*1 
18 6 9 . 7 2 56 . h 22.1* 5 .92 9 A 5 0.U38 
19 7 i J i l 5 5 . 1 1 5 . 9 H.25 9 .34 0.1*93 
Table 21K Experimental Results of Test Run No. k 
Temperature, C 50-0 
Pipe Position Horizontal 
Reynolds Number 1376 
Schmidt Number Z.k-Q 
lest Material Naphthalene 
3 3 Density, g/cm x 10 
Viscosity, g/cm-sec x 10 
2 






Duration of Run,sec 13000 
Average Diameter,in. I.6U 
Section 
Number 
z i n 
I n c h e s 
ReScD, NA x 10 Aw 
10 :iftWio, 'Nu r T 1)n ' AB'lm 
2 1.97 2756 .7 1 5 3 . 6 2 2 , 1 9 3 3 . 8 1 0 . 0 ^ 8 
3 3-59 1 5 0 9 . 9 1 2 3 . 7 18 .30 2 7 . 6 9 0 . 0 7 1 
5 11*31 U79.6 7 9 . 6 1 2 , 8 8 1 9 . 5 2 0 .150 
6 1 2 . 8 8 U21.U 6 9 . 7 1 1 . ^ 5 1 8 . 6 3 0 .162 
8 23.3*+ 232 h 5 5 . 3 9 .85 1 5 . 0 7 0 . 2 2 8 
9 2 ^ . 9 1 2 1 7 . 8 5 1 . 2 9 . 2 3 1^.72 0 . 2 3 7 
11 35 .35 153 .5 U6.0 8 .88 1 3 . 0 5 0 . 2 8 8 
12 3 6 . 8 8 1V7. I ^ 2 . 9 8 .37 1 2 . 8 7 0 .295 
1** U7.28 1 1 ^ . 7 3 6 . 8 7 . 6 3 11 .80 0 .337 
15 1+8.9^ 1 1 0 . 9 3 7 . 9 7 . 9 5 1 1 . 6 0 0 3^3 
17 5 9 . 2 8 9 1 . 5 hi.2 9 .20 11 .12 O.385 
18 6 9 . 7 2 7 7 . 8 3 2 . 1 7 . 6 6 1 0 . 7 2 0.i+2U 
19 71.J+1 7'6.0 2 9 . 9 7 .19 1 0 . 6 5 0.U29 
Table 25. Experimental Results of Test Run No. 5 
Temp erat "ore, C 50.0 
Pipe Position Vertical 
Reynolds Number kkl 
Schmidt Number 2.U0 
?est Material Naphthalene 
Density, g/cm x 10 
Viscosity, g/cm-sec x 10 
2 






Duration of Run,sec 11000 










2 1.97 8 7 8 . 6 7 8 . 9 1 1 . 6 1 15 .25 O.067 
3 3 .59 >+8l.3 6 7 . 3 1 0 . 3 1 1 3 . 3 1 0 .105 
5 1 1 . 3 1 1 5 2 . 9 5 1 . 3 9 .38 1 0 . 9 9 O.250 
6 1 2 . 8 8 1 3 ^ . 3 i+8.0 9 . 0 9 IO .78 0 .275 
8 2 3 . 3 ^ 7 ^ . 1 2 9 . 5 6 . 7 8 9 .57 O.U03 
9 2U.91 6 9 . ^ 2 3 . 8 5 . 6 1 9=36 O.U18 
11 35 .35 ^ 8 . 9 2 1 . 9 5 . 9 3 8 .30 0.^+93 
12 3 6 . 8 8 i+6.9 2 2 . 5 6 . 2 1 8 .20 0 . 5 0 3 
Ik U7.28 36 .6 2*4.9 8 .15 7 .97 0 . 5 8 1 
15 1+8.9^ 3 5 . 3 2 2 . 1 7 . ^ 6 7 .96 0 . 5 9 ^ 
17 59-28 2 9 . 2 1 0 . 5 k. 00 7 .6o 0.6^+7 
18 6 9 . 7 2 2U.8 1 5 . 3 6 . 7 9 7-27 0 . 6 9 0 
19 7 1 . ^ 1 2 ^ . 2 1 2 . 8 5 .79 7 . 2 t 0 . 6 9 8 
Table 26. Experimental Results of Test Run No. 6 
Temperature, C 50.0 
Pipe Position Vertical 
Reynolds Number 446 
Schmidt dumber 2.4Q 
Vst Material Naphthalene 
Density > &/ cm 
3 .0" 
V i s c o s i t y , g / e m - s e c x I 
2 
D i f f u s i v i t y , cm / s e c 
U 
1.057 
1 • :b 
0 . 0 7 7 
Date 8 -11-65 
D u r a t i o n of R u n , s e c 10000 
Average D i a m e t e r , i n . 1.625 
10 
S e c t i o n z i n ReScc/ 
Number I n d i e s 
'c. 1.97 884.9 
3 3-59 487.7 
5 11.31 153.9 
6 12.88 135.3 
Q 23.3^ 74.6 
Q 2-u . 9 1 69.9 
11 35.35 ^9-3 
12 36.88 ^+7.2 
14 U7.2S 36.8 
15 48.94 35.6 
17 59.28 29. 4 
18 69.72 25.0 








2 5 . 5 
2 0 . 0 
] o k 
1 9 A 
1 9 . 8 
2 5 . 8 
2 7 . 4 









5 . 0 3 
5 . 7 1 
q Qfl P . ^O 
9 • 30 
1 0 . 6 8 
8.4a 
NuA J , AP/lm 
1 9 . 2 8 
15 .82 
1 1 . 4 0 
1 0 . 9 3 
8 .89 
8 . 6 7 
7 . 6 8 
7 . 5 7 










0 . 3 9 1 
0 464 
0 . 4 7 3 
0 .537 
0 .5^7 
0 . 6 2 1 
0 . 7 0 1 
0 .712 
Table 27. Experimental Results of Test Run No. 7 
Temperature. ̂ C 50.0 Test Material Naphthalene Date 8-05-65 
Q 7 
P i p e P o s i t i o n V e r t i c a l T e n s i t y , g/eni x 10 1.057 D u r a t i o n of R u n , s e c 12500 
Reyno lds Number 1016 V i s c o s i t y , g / cm-sec x 10 1.952 Average D i a m e t e r , i n . 1 . 6 l 4 
2 
Scrnnidt Number 2 .4o D i f f u s i v o t y , cm / s e c 0 .077 
S e c t i o n z in ReScD/s Nfl x l O
1 0 (NuftTJn (NUAB>lm 
C1 
Aw v ATr loc b 
Number I n c h e s 
2 1.97 2003 .7 1 1 5 . 3 1 6 . 3 4 2 1 . 3 0 0 .042 
3 3 .59 1097 .5 99 -3 1 4 . 4 3 1 8 . 6 3 0 .066 
5 1 1 . 3 1 3^8.6 6 9 . 8 1 1 . 2 3 1 4 . 7 3 0 .156 
6 12 .88 306 .3 6 3 . 0 10 .30 14 .25 0 .170 
8 23 .34 1 6 8 . 9 5 2 . 0 9 .46 1 2 . 3 1 0 . 2 5 3 
9 2 4 . 9 1 158 .3 51 .5 9*50 1 2 . 1 3 0 .264 
11 35 .35 11.1.5 ^ 0 . 3 8 .18 1 1 . 1 7 0 .330 
12 36 .88 1 0 6 . 9 3 6 . 7 7 . 5 3 1 1 . 0 3 0 .338 
14 4 7 . 2 8 8 3 . 4 2 2 . 3 4 .90 9 .98 0 .380 
15 hh/)h 8 0 . 6 2 3 . 3 5 .14 9 . 8 1 0 . 3 8 6 
17 59-28 6 6 . 5 2 9 . 8 7 . 0 1 9 .16 0 . 4 2 3 
18 6 9 . 7 2 5 6 . 6 27 .5 6 .97 8 .83 0 .465 
19 7 1 . 4 l 55 .2 2 8 . 7 7-37 8 . 7 9 0 . 4 7 1 
iable 28. Experimental Results of Test Sun No. 8 
Temperature, C 50.0 
Pipe Position Vertical 
Reynolds Number 976 
Schmidt Number 2jl0 
Test Material Naphthalene 
3 3 
Density, g/Cm x 10 
Viscosity, g/cm-sec x 10 
2 






Duration of Run,sec 11000 





N, x 10 
Aw 
10 (Nu. ) 
K AB y loc 
(Nu ) v AB'lm 
I 0 . 9 0 22 .72 














































































Table 29. Experimental Results of Test Run No. 
Temperature, C 50.0 
Pipe Posit.on Vertical 
Reynolds Number 1358 
Schmidt Number 2.40 
Test Material Naphthalene 
•2 -3 
Density, g/cm x 10 
Viscosity, g/cm-sec x 10 
2 






Duration of Run,sec 10000 
Average Diameter,in. ±a6U'-j) 
Section 
Number 
z i n 
I n c h e s 
ReScD/z N x 10 
Aw 
10 : N Vloc ^ A B n l m 
* 
2 1.97 2728 .6 1 4 8 . 6 2 1 . 3 9 3 0 . 6 l 0 .044 
3 3 .59 1494 .6 1 2 2 . 8 18 .10 2 5 . 7 1 0 .066 
5 1 1 . 3 1 4 7 4 . 7 8 2 . 7 13 .36 1 8 . 9 8 0 .148 
6 1 2 . 8 8 If 1 7 . 1 7lf.6 12 .24 1 8 . 2 3 0 .160 
8 2 3 . 3 ^ 230 .0 5 7 . 9 1 0 . 3 7 1 5 . 1 5 0 .232 
9 2 4 . 9 1 2 1 5 . 6 56 .5 1 0 . 2 3 1 4 . 8 4 0 . 2 4 1 
11 35 .35 1 5 1 . 9 ^ 7 . 3 9 .24 13 .34 0 .296 
12 36 .88 I ]45.6 4 6 . 2 9 . 1 3 1 3 . 1 7 0 .304 
14 1+7.28 113 .6 4 1 . 3 8 .75 1 2 . 2 4 0 .350 
15 1+8.9!+ 1 0 9 . 7 4 2 . 6 9 .13 1 2 . 1 3 0 .357 
17 59 .28 9 0 . 6 4 5 . 2 1 0 . 4 4 1 1 . 7 2 0 .4o4 
18 69 .72 7 7 . 0 33 .5 8 . 3 1 1 1 . 3 7 0 .446 
19 7 1 . 4 i 75 .2 2 2 . 3 5 .60 11 .27 0 . 4 5 1 
Table 30. Experimental Resul t? of Test Run No. 1C 
Temperature, C 50.0 Test Material Naphthalene Date 11-16-65 
Pipe Position 4( 
.o 
"j Density, g/< 3 
3 
x 10 1.052 Duration of Run ,sec 13000 
Reynolds Number 509 Viscosity, ̂  
li 
^/cm-sec x 10 1.952 Average Diameter,in. 1.628 








NuAB^loc v AB lm 
C 
1 
2 1.97 1012.5 11.4.5 17.15 24.09 0.091 
3 3.59 554.6 94.^ 14. 90 20.45 0.137 
5 11.31 176.2 48.4 9.26 14.95 0.288 
6 12.88 154.8 37.6 7.38 i4.i4 0.306 
8 23-3^ 85.4 26.1 5.88 .10.80 0.397 
9 2.4. 91 80.0 2t-.2 5.58 10.49 0.408 
]_i 35.35 56. 4 2
1 " 5.46 9.02 0.^73 
12 36.88 54.0 20.3 5.33 8.87 0.481 
i4 47.28 1+2.1 21.0 6.20 8.18 0.540 
15 1+8.9U 40.7 21.9 6.63 8.12 0.550 
17 59-28 33.6 23.2 8.18 7.99 0.6l4 
18 69.72 28.6 l4.9 6.12 7.88 0.668 




Table 31. Experimental Results of Test Run No. H 
Temp e r at ur e _, C 50.0 
Pipe Position 45 
Reynolds Number 909 
Schmidt Number 2.4o 
Test Material Naphthalene 
Density, g/cor x 10 
Viscosity, g/cm-sec x 10 
2 
Diffusivity, cm /sec 
4 
Date 11-05-65 
1.066 Duration of Run,sec 11000 






ReScD/z N x 1010 
Aw AB loc (^AE}lm 
2 1.97 1795.0 134.6 19.73 30.57 0.066 
3 3.59 983.2 107.3 16.26 24.90 0.096 
5 11.31 312.3 76.5 13.20 18.04 0.206 
6 12.88 274.4 70.3 12.41 17.41 0.224 
8 23.34 151.3 50.2 10.14 14.70 0.322 
9 2U.91 141.8 45.2 9.29 l4.3o 0.334 
_!_]_ 35.35 99.9 31.6 7.16 12.58 0.396 
12 36.88 95.8 29.1 6.68 12.35 0.403 
14 47.28 74.7 23.5 5.79 11.0.1 0.445 
15 U8.9U 72.2 24.3 6.07 10.84 0.451 
17 59.28 59.6 27.O 7.28 10.11 0.493 
18 69.72 50.7 21.4 6.24 9.61 0.532 
19 7i.4l 49.5 16.9 ^•99 9.52 0.537 
table 32. Experimental Resu l t s cf Tost Run No. 12 
Temperature. C 50.0 
Pipe P o s i t i o n 45 
Reynolds Number 1356 
Schmidt Number 2.4o 
Test Mater ia l Naphthalene 
Densi ty , g/cm x 10 3 
Viscosity, g/em-sec x 10 
2 






Duration of Run,sec 10500 































































































Table 33- E x p e r i m e n t a l R e s u l t s of T e s t Run Wo, 13 
ne mp e r a t-ur e, C 3 ? . 2 
r i p e P o s i t i o n H o r i z o n t a l 
Reyno lds Number l+6l 
Schmidt Number 2.1+2 
Tes t M a t e r i a l N a p h t h a l e n e 
D e n s i t y , g/crrf x 10 1.095 
V i s c o s i t y , g / c m - s e c x 10 l.< 
2 
D i f f u s i v i t y , cm / s e c 0 . 0 7 1 
l a t e 10 -05-65 
12000 
A v e r a g e D i a m e t e r , i n . i , 6 o 4 
D u r a t i o n of Ri in ,se 
S e c t i o n z i n Re3cD/z N. x 1 0 1 2 
^ AB l o c 
( mWlm C Wumber I n c h e s Aw b 
2 1.97 9 0 8 . 7 3 0 9 . 8 13 .20 2 2 . 0 7 0 . 0 9 3 
3 3 .59 1+97-7 2 3 9 . 1 10.61+ 1 7 . ^ 9 0 . 1 3 1 
5 1 1 . 3 1 1 5 8 . 1 1 3 5 . 9 7 .07 11 .70 0 .256 
6 1 2 . 8 8 1 3 8 . 9 1 2 1 , 7 6,U8 1 1 . 1 1 0 . 2 7 ^ 
8 2 3 . 3 h 7 6 . 6 8 9 . 9 5 . 5 1 8 .83 0 . 3 6 9 
9 2U.91 7 1 . 8 9±.h 5 .72 8 .63 0 .382 
11 35 .35 5 0 . 6 7 ^ . 9 5 .33 7 .72 O.U57 
12 36 .88 1+8.5 7 3 . 7 5 . 3 ^ 7 .62 O.H67 
Ik 1+7.28 3 7 . 8 6h.h 5 .29 7 . 1 1 0 . 5 2 9 
15 1+8.9!+ 36 .5 6 7 . 3 5 . 6 3 7 .06 0 . 5 3 8 
17 59 .28 30 .2 7 1 . 9 6 . 9 5 6 .92 0 .600 
18 6 9 . 7 2 2 5 . 6 5 7 . 9 6 . 5 6 6 .90 0 . 6 5 9 
19 71.1+1 2 5 . 0 5 3 . 3 6 . 1 9 6 . 8 9 0 . 6 6 7 
Table 3k. Experimental Resu l t s of Test Run No. lit 
Temperature, C 38.2 
Pipe Position Horizontal Density, g/cm c 10 
Reynolds Number 935 Viscosity, g/cra-sec x 10 
Schmidt Number 2.42 









Duraticn of Run,sec 122C0 





ReScD/z Nfl x 10" Aw 
'Nu ) 
' AB'loc >AB>im 
2 1.97 1900.6 399.8 16.91 30. k9 0.062 
3 3.59 i o 4 i . 0 302.6 13. 1*+ 23.51 0.086 
5 11.31 330.7 195.2 9.31 15.19 O.168 
6 12.88 290.5 175.8 8.51 l^.U3 0.180 
8 23.3^ 160.2 152.9 8.12 11.69 0.253 
9 24.91 150.2 150.2 8.09 11.47 0.253 
11 35.35 105.8 121.2 7.10 10.33 0.263 
12 36.88 101. k 99.^ 5.6o 10.17 0.323 
l4 47.28 79.1 83.9 5.29 9.17 0.330 
15 48.9^ 76.4 88.4 5.63 9.0k 0.371 
17 59.28 63 .1 io4 .o 7.11 8.57 0.419 
18 69.72 53.6 75.5 5 . 5 - 8.24 0 A 5 9 
19 7 1 . ki 52A 57.9 M.29 8.16 0.464 
Table 35- Experimental Results of Test Run Nc. 15 
Temperature, C 38.2 
Pipe Position Horizontal 
Reynolds Number 948 
Schmidt. Number 2.42 
Test Material Naphthalene 
/ 3 3 D c n s 1 ty , g / c m x 10 
Viscosity, g/cm-sec x 10 
2 , 
Diffusivity, cm .'sec 
Date 8-23-65 
1.095 Duration of Run,sec 12000 
1.897 Average Diameter,in. 1.644 
0.072 
S e c t i o n 
Number 
z in 
I n c h e s 
ReScD/z N x 1 0 U 
Aw 
( N W l o c (Nc ) v~ ABllm 
*-
c b 
2 1.97 1916 .8 k Ik. 9 17 > 9 3 1 . 1 0 O.063 
3 3 .59 1 0 ^ 9 . 9 3 1 5 . ^ 13 .65 2 4 . 0 9 0 . 0 8 8 
5 1 1 . 3 1 333 .3 2 0 3 . 5 9 .70 1 5 . 6 9 0 .172 
6 1 2 . 8 8 293 .0 1 8 0 . 9 8 .76 1 4 . 9 1 0.184. 
8 2 3 . 3 ^ 16.1.6 , l46. 1 7 .75 11.9k O.256 
9 2 4 . 9 1 151 .5 1.40.0 7 .52 1 1 . 6 7 0.2.65 
1 1 35 .35 106 .7 1 2 1 . 6 7 . 1 5 1 0 . 3 9 0 .323 
12 3 6 . 8 8 1 0 2 . 3 1 1 7 . 7 6 . 9 4 1 0 . 2 5 0 .330 
Ik 4 7 . 2 8 7 9 . 8 1 1 2 . 4 7 . 1 6 9 • 5 ^ O.380 
15 kS.9h 7 7 . 1 1 2 0 . 1 9 .07 9 . ] T 8 0 . 3 8 9 
17 5 9 . 2 8 6 3 . 6 1 2 8 . 1 9 . 0 7 9 . 2 9 0 . 4 4 2 
18 6 9 . 7 2 5 ^ . 1 9 2 . 2 7 .14 9 .12 0 . 4 9 0 
19 7 1 . Hl 5 2 . 8 6 4 . 0 5 .02 9 .05 0.4:96 
Table 36. Experimental Results of Test Run No. l6 
Temperature, C 38.2 
Pipe Position Horizon!-* 
Reynolds Number l42o 
Schmidt Number 2.42 
Test Material Naphthalene 
3 2 
Density, g/cm x 10 
Viscosity, g/cm-sec x 10 
2 
Diffusivity, cm /sec 
\ 
1.09b 
1 = 897 
0.072 
Date 10-01-65 
Duration of Run,sec 12000 











' AB ;im 
2 1.97 2 8 2 3 . 3 516 .2 2 0 . 8 7 31 .35 0 . 0 4 3 
3 3 .59 15^6 .4 4 1 8 . 4 17 .30 2 5 . 8 1 0 .065 
5 1.1.31 4 9 1 . 2 2 7 4 . 9 12 .35 1 8 . 3 9 0 . 1 3 9 
6 12 .88 4 3 1 . 6 2 4 2 . 6 1:1.09 1 7 . 5 8 0 . 1 5 0 
8 2 3 . 3 ^ 2 3 8 . 0 1 8 9 . ^ 9 .32 1 4 . 2 9 0 . 2 1 4 
o 2 4 . 9 1 2 2 3 . 1 1 8 2 . 2 9 = 05 1 3 . 9 7 0 .222 
11 35 .35 157 .2 1 6 8 . 3 8 .95 1 2 . 5 0 0 .273 
12 3 6 . 8 8 150 .7 l 6 0 . 7 8 . 6 3 1 2 . 3 5 0 . 2 8 0 
I t 4 7 . 2 8 117 .5 1 5 1 . 8 8 .70 1 1 . 5 ^ 0 .325 
15 4 8 . 9 4 1 1 3 . 5 1 5 9 . 4 9 . 2 3 1 1 . 4 5 0 .332 
17 59 .28 9 3 . 7 1 6 1 . 7 10 .06 1 1 . 1 3 0 . 3 7 8 
18 69 .72 7 9 . 7 9 5 . 3 6 . 3 1 1 0 . 7 0 0 . 4 i 6 
19 7 1 . 4 1 7 7 . 8 8 2 . 7 5 . 5 1 1 0 . 5 9 0 . 4 2 0 
Table 37. Experimental Results of Test Run No. 17 
Temperature, C 38.2 
Pipe Position Vertical 
Reynolds Number 459 
Schmidt Number 2.42 
Test Material. Naphthalene 
/ 3 1 
Density, g/cm x 10'"" 
Viscosity, g/cm-sec x 10 
2 






Duration of Run,sec 13000 





ReScD/z N x 
Aw 10 
11 
^ AB loc 
i N V i m 
2 1.97 902.8 299.6 12.47 19.7^ 0.084 
3 3.59 i+94.5 236.1 10.25 15.96 0.121 
5 11.31 157.1 153.7 7.82 11.31 0.250 
6 12.88 138.0 136.6 l.lh IO.85 0.270 
8 23.3^ 76 .1 89.2 5 A l 8.83 0.371 
9 24.91 71.3 88 .1 5-^5 8.62 0.383 
1 T_ 35.35 50.3 69.3 4.84 7.6o 0.454 
12 36.88 48.2 67.O h.75 7.^8 0.463 
l4 47.28 37.6 59.6 ^-73 6.88 0.519 
15 48.9^ 36.3 62 .3 5.03 6 .81 O.528 
17 59-28 30.0 60.47 5.55 6.55 0.583 
18 69 • 72 25.5 49.2 5.10 6.^7 O.632 
19 7 1 . ^1 24.9 >f3.6 4.60 6.33 0.639 
Table Experimental Results of Test Run No. 18 
Temperature, C 3^.2 
Pipe Position Vertical 
Reynolds Number 95 4 
Schmidt Number 2. U2 
Test Material Naphthalene 
3 3 Density, g/cra X 10 
Viscosity, g/cm-sec x 10 
2 




0 . 0 7 1 
Dote 8-27/65 
D u r a t i o n of R u n , s e c 12000 
Average D i a m e t e r . J n . I . 6 5 6 
S e c t i o n 
Number 
z i n 
I n c h e s 
Re3cD/z Nft x 10 Aw 
11 
N u A B ) l o c AB lm 
2 1.97 19U2A 1+68.6 2 0 . 1 7 3 7 . 5 3 0 .074 
3 3 .59 1064 . 5 350. 4 1 5 . 5 5 28 .65 0 .102 
5 1 1 . 3 1 3 3 8 . 1 211.U 1 0 . 4 3 18 .06 0 .192 
6 1 2 . 8 8 2 9 7 . 1 1 8 5 . 4 9 .29 1 7 . 0 7 0 .205 
8 2 3 . 3 ^ 1 6 3 . 8 1U2.6 7 .85 1 3 . 2 8 0 . 2 7 7 
9 2 4 . 9 1 153 .6 1 4 0 . 2 7 . 8 3 1 2 . 9 4 0 . 2 8 6 
11 35 .35 108 .2 1 1 5 . 6 7 .00 1 1 . 3 1 0 .3^2 
12 3 6 . 8 8 1 0 3 . 7 1 1 0 . 7 6 . 7 7 1 1 . 1 3 0.3^+9 
ik 1+7.28 8 0 . 9 99.6 6 .55 10 .15 0 .395 
15 1+8.91+ 78 .2 99.6 6 . 6 3 1 0 . 0 3 o.4oi 
17 5 9 . 2 8 6 4 . 5 09, 4 6 . 6 1 9A3 0.41+3 
18 69 .72 5^ .9 Ih.k 5 .69 8.94 0 . 4 7 9 
19 7 1 . 4 l 5 3 . 6 6 7 . 2 5 .19 8.86 0 .484 
Table 39. Experimental Results of Test Run No. 
Temperature, C 38.2 
Pipe Position Vertical 
Reynolds Number 958 
Schmidt Number '2.42 
Test Material Naphthalene 
3 3 Density, g/cm x 10 
k 
Viscosity, g/cm-sec x 10 
2 
Diffusivity, cm /sec 




Duration of Run,sec 12000 







































N x 10 Aw 
11 












Nu ) (Nu. ) 



























]able 1+0. E x p e r i m e n t a l R e s u l t s of T e s t Run No. 20 
T e m p e r a t u r e , C 38 .2 
P i p e P o s i t i o n V e r t i c a l 
Reyno lds Number 1̂ +1+0 
Schmidt Number 2.1+2 
Tes t M a t e r i a l N a p h t h a l e n e 
3 3 
Densi ty , p,/cm x 10 
Viscos i ty , g/cm-sec x 10 
2 






Duration of Run,sec 15000 




I n c h e s 
ReScD/z Nft x 10 Aw 
U 
'Nu f t^)n 1 A B ; l o c .Nu. AB' lm 
o 1 .97 2832 .9 5 7 9 . 7 2 3 . 2 3 3 6 . 9 1 0 . 0 5 1 
3 3 .59 1551 .7 ^ 5 9 . 2 18 .86 2 9 . 7 5 0 . 0 7 ^ 
5 l"1 . 3 1 4 9 2 . 8 2 9 7 . 4 1 3 . 3 6 2 0 . 5 3 0 . 1 5 3 
6 1 2 . 8 8 1+33.0 26U.J+ 12 .05 1 9 . 5 8 O.165 
8 23.3!+ 2 3 8 . 8 2 1 0 . 0 10.1+2 1 5 . 8 6 0 . 2 3 3 
9 2U.91 2 2 3 . 8 2 0 6 . 8 1 0 . 3 8 1 5 . 5 1 0 .242 
11 35 .35 1 5 7 . 7 1 6 8 . 1 9 .08 13.8.1 O.296 
12 3 6 . 8 8 151 .2 157 .9 8 . 6 1 1 3 . 6 1 0 .302 
ll+ ^+7.28 1 1 7 . 9 129 .2 7.1+8 1 2 . 3 9 0.3^+3 
15 U8.9^ 1 1 3 . 9 135 .5 7 .92 1 2 . 2 3 0 . 3 ^ 9 
17 5 9 . 2 8 9^ .0 1V7. I 9 .16 1 1 . 5 8 0 . 3 8 9 
18 6 9 . 7 2 8 0 . 0 9 3 . 8 6 . 1 9 1 1 . 0 0 0.1+23 
19 71.4-1 7 8 . 1 8 0 . 5 5 .35 1 0 . 8 8 0.1+27 
CA 
OJ 
Table 4 l . Experimental Resu l t s of Tost Run No. 2.1 
Temperature, 0 38.2 
Pipe Pos i t i on 4-5 
Reynolds Number 477 
Schmidt Number 2.42 
Test Mater ia l Naphthalene 
3 Q 
Densi ty, g/cmJ x 10 1.107 
1+ 
Viscos i ty , g/cm-sec x 10 1,897 
2 
D i f fu s iv i t y , cm / s ec 0.071 
Date 11-04-65 
Duration of Run,sec 12000 





ReScD/z Nfl x 10 Aw 
11 
(NurtT,)n v AB^loc 
H V i m 
2 1.97 946.5 322.2 13.85 22.15 O.089 
3 3.59 518.4 252.7 11.35 17.84 0.129 
5 11.31 164.7 144.8 7.63 12.26 O.258 
6 12.88 144.7 125.7 6.79 11.65 0.275 
8 23.34 79.8 88 .1 5.47 9.20 0.369 
9 24.91 74.8 84.6 5.35 8.96 0.381 
11 35.35 52.7 68.2 4.84 7.82 0.448 
12 36.88 50.5 68.2 4 .91 7.70 0.457 
14 47.28 39.4 64 .1 5.17 7.12 0.514 
15 48.94 38 .1 65.7 5.4o 7.05 0.423 
17 59.28 31.4 67.8 6.34 6.84 0.582 
18 69.72 26.7 48.2 5.13 6.68 0.632 
19 71.41 26.1 35.7 3.87 6.63 0.638 
Ov 
-p-
Table k2. Experimental Results of Test Run No. 22 
Temperature, C 38.2 
Pipe Position 1+5 
Reynolds Number 953 
Schmidt Number 2„1+2 
Test Material Naphthalene 
3 3 
Density, g/cm x 10 
Viscosity, g/cm-sec x 10 
2 




0 . 0 7 1 
Date 1 1 - 0 2 - 6 5 
D u r a t i o n of R u n , s e c 13000 
Average D i a m e t e r , i n . 1.610 









z i n 




1 1 . 3 1 
1 2 . 8 8 
2 3 . 3 ^ 
2 ^ . 9 1 
35 .35 
36 .88 




7 1 . ^ 1 
>7.2 
1033 .7 
3 2 8 . 3 
288 .5 
1 5 9 . 1 
l i+9- l 
1 0 5 . 1 
1 0 0 . 7 
78 .6 
7 5 . 9 
6 2 . 7 
5 3 . 3 
52 .0 






2 1 6 . 2 
1 5 9 . 3 
1 5 1 . 8 
1 1 9 . 1 
1.12.1 
9 1 . 1 
9 2 . 3 
9 0 . 0 
7 0 . 6 
6 4 . 9 
; N u AB } l oc 
:mWlm 
1 9 . 7 1 
16 .26 
11 .82 







6 . 5 1 
5.1+7 
5 .08 
3 0 . 3 9 
2 ^ . 7 9 
1 7 . 5 5 
1 6 . 7 9 
1 3 . 6 6 
13.3*+ 
11.7*+ 
1 1 . 5 5 
10.1+5 
10 .30 
9 . 6 l 
9 .07 
0 .062 
0 . 0 9 1 
0 . 1 9 3 
0 . 2 0 8 
0 , 2 9 1 
0 . 3 0 1 
0.36.1 






Table 1+3. E x p e r i m e n t a l R e s u l t s of Tes t Run No. 23 
T e m p e r a t u r e , C 38 .2 
P i p e P o s i t i o n 1+5 
Reynolds Number ll+32 
Schmidt Number 2.1+2 
T e s t M a t e r i a l N a p h t h a l e n e 
3 3 
D e n s i t y , g/cm x 10 
V i s c o s i t y , g / c m - s e c x 10 
2 






Duration of Run,sec 11000 




I n c h e s 
ReScD/z Nft x 10 Aw 
11 
Nu ') 
' AFr loc (NuATJ, v AB lm 
2 1.97 28U4.6 6 0 1 . 3 2 5 . 0 7 1+2.60 O.058 
3 3.59 1 5 5 8 . 1 464. 5 1 9 . 8 8 3 3 . 5 1 0 .082 
5 1 1 . 3 1 494.9 3 1 3 . 9 11+.79 2 2 . 5 7 0 .167 
6 1 2 . 8 8 1+34.8 2 8 2 . 9 13.51+ 2 1 . 5 5 0 .180 
8 2 3 . 3 ^ 2 3 9 . 8 2 0 1 . 8 1 0 . 5 8 1 7 . 3 3 0 . 2 5 1 
9 2U.91 224 .8 191+.0 1 0 . 2 9 16 .90 0 .260 
11 35.35 158.1+ 1 5 ^ . 1 8 .78 11+.73 0 . 3 H 
12 36.88 1 5 1 . 8 148 .6 8 .55 1 4 . 4 8 0 . 3 1 7 
Ik 1+7.28 118.1+ 1 3 2 . 9 8 .13 1 3 . 1 3 0 . 3 5 8 
15 I+8.9I+ 111+.1+ 136 .2 8 .42 1 2 . 9 7 0 .365 
17 59-28 91+.1+ 1 2 8 . 9 8.1+8 1 2 . 1 8 0.1+03 
18 69 .72 8 0 . 3 98.6 6.87 1 1 . 5 1 0 .436 
19 7 1 . ^1 78.^ 8 1 . 9 5.75 1 1 . 3 8 0.1+1+1 
Table kk. Experimental Resu l t s of Test Run No. 2k 
Temperature, C 30.9 
Pipe P o s i t i o n Horizont 
Reynolds Number 1+68 
Schmidt Number 2.1+3 
Test Mater ia l Naphthalene 
o 3 
Densi ty , g/cm x 10 
ll 
Viscos i ty j g/cm-sec x 10 
2 





Durat ion of Run,sec 1^000 
Average Diamete r , in . 1 . 6 l l 
Sec t ion z i n ReScD/z 
11 
NA x 10 (NuBTJn CNuRT,)n a 
/ Aw v AB'loc v AB'ljn b Number Inches 
2 1.97 932.1 11*3.0 12.06 19.95 0.082 
: • • 3.59 510.6 111.0 9.73 15.87 0.117 
11.31 162.2 65.6 6 .61 10.70 0.232 
: 12.88 11+2.5 56.1+ 5.81 10.15 0.248 
23 .3^ 78.6 **3-3 5.05 , 8 . 0 5 0.336 
9 2I+.91 73.7 1*2.3 5 .01 8.86 0.3^7 
11 35,35 51.9 31*.7 fc.59 6.96 0.1+15 
12 36.88 **9.7 33.6 U.51 6.86 0.1*21+ 
ik 1+7. 28 38.8 , 28.5 U.aU 6.32 0.1+79 
: 1*8.91* 37.5 30.3 U.58 6.25 0.1+87 
17 59.28 30.9 27.5 1+.60 5.96 0.537 
18 69.72 26 .3 23.2 1+V29 5.7l* 0.582 
19 7 l A l 25.7 22.2 1+.17 5.70 0.588 
a-. 
- 3 
Table 45. Experimental Results of Test Run No. 25 
Temperature, C 30.9 
Pipe Position Horizontal 
Reynolds Number 990 
Schmidt Number 2.1+3 
Test Material Naphthalene 
Density, g/cm x 10 
Viscosity, g/cm-sec x 10 
2 





Duration of Run,sec 16000 





ReScD/z NA x 10 Aw 
11 
<*Wloc 
(NuATV v AB'lm 
2 1.97 1957.7 209.9 17.15 30.76 0.061 
: 3.59 1072.3 159.2 13.35 23.76 O.085 
- 11.31 340.6 98.0 8.99 15.24 0.164 
12.88 299.2 86 .1 8.01 14.42 0.175 
23 .3^ 165.I 65.6 6 .61 H . 2 5 0.239 
9 24 .91 154.7 66.8 6 .81 10.96 0.247 
11 35-35 109.0 57.2 6.26 9.66 O.298 
12 36.88 104.5 54.4 6 .01 9 .51 0.305 
14 47.28 81.5 50.3 5.92 8.73 0.349 
15 48.94 78.7 51.5 6 .13 8.64 0.355 
17 59.28 65.O 53 .1 6.77 8.26 0.398 
18 69.72 55-3 4o.8 5:57 7.95 0.437 
19 71.41 54.0 38.2 .26 7.89 0.1+43 
Table 46. Experimental Resu l t s of Test Run No. 26 
Temperature, C 30.9 
Pipe P o s i t i o n Hor izonta l 
Reynolds Number lUlH 
Schmidt Number 2.43 
Test Mate r ia l Naphthalene 
3 3 
Densi ty , g/cnr x 10 
Viscos i ty , g/cm-see x 10 
2 






Duration of Run,sec 13000 









2 1.97 2801.8 256.7 20.68 35.53 0.049 
J 3.59 1534.6 197.8 16.29 27.83 0.070 
" 11.31 487.4 125.4 11.16 18.28 0.139 
;: 12.88 428.3 111.2 10.01 17.34 0.150 
: 23.3^ 236.2 87.8 8.48 13.73 0.207 
: 24.91 221.4 87.9 8.58 13.40 0.215 
1 1 35.35 156.0 77.4 8.o4 11.90 O.263 
12 36.88 149.5 .72.7 7.62 11.73 0.269 
Ik 47.28 116.6 64.0 7.09 10.77 0.309 
15 48.94 112.7 65.6 7.34 IO.65 0.315 
17 59.28 93.0 62.9 7.43 10.08 0.352 
18 69.72 79 .1 50 .1 6.24 9.60 0.385 
19 71.41 77.2 45.7 5.73 9.51 0.389 
Table hi. Experimental Results of Test Run No. 2? 
Temperature, C 30.9 
Pipe Position Vertical 
Reynolds Number 456 
Schmidt Number 2.43 
Test Material Naphthalene 
3 Density, g/cm x 10" 
Viscosity, g/cm-sec x 10 
2 






Duration of Run,sec 13000 
Average Diameter,in. I.606 
Section 
Number 
z i n 
I n c h e s 
ReScD/z N. x 10 
Aw 
11 
(NuftTJn v A B ' l o c (N uAB>im 
2 1.97 904.2 l 4 i . 6 11.95 19.89 0.084 
3 3.59 495.3 109.6 9.62 15.78 0.120 
5 11.31 157.3 68 .3 6.93 10.74 0.239 
' 12.88 138.2 59.9 6.22 10.23 0.256 
: 23.34 76.2 44.4 5.29 8.24 0 .351 
9 2U.91 71.4 42 .1 5.11 8.05 0.363 
11 35.35 50.3 32.8 4.45 7-09 0.431 
12 36.88 48.3 31.6 4.35 6.98 0.439 
l 4 47.28 37.6 26.3 3.99 6.36 0.492 
15 48.94 36.i+ 28 .1 4 .33 6.29 0.499 
17 59.28 30.0 26 .3 4.49 5.96 0.548 
18 69.72 25.5 19.6 3.'69 5.69 0.590 
19 7 1 . Ul 24.9 19.4 3 .71 5.64 0.595 
Table 48. Experimental Results of Test Run No. 28 
Temperature, C 30.9 
Pipe Position Vertical 
Reynolds Number 990 
Schmidt Number 2.43 
Test Material Naphthalene 
3 3 
Density, g/cm x 10 > . ;' 
Viscosity, g/cm-sec x 10' 1.864 
2 
Diffusivity, cm /sec O.069 
Date 10-22-65 
Duration of Run,sec 13500 
Average Diameter,in. 1.607 
Section z in ReScD/z Nft x 1 0
U 
Aw AB loc AB lm Cb 
Number Inches 
2 1.97 1965.1 214.1 17-35 28.63 0.057 
J 3.59 1076.3 167.1 13.90 22.76 0.081 
5 11.31 341.9 110.8 10.16 15.51 0.166 
6 12.88 300.4 100.6 9.37 14.81 0.179 
& 23.3^ 165.7 77.4 7.92 12.06 0.253 
•: 24.91 155.3 75.4 7.82 11.80 0.262 
12 35.35 109.4 60.8 6.82 10.48 0.318 
12 36.88 104.9 59.7 6.77 10.33 0.326 
14 47.28 81.8 51.7 6.28 9.50 0.371 
15 48.94 79.0 53.0 6.51 9.39 0.378 
17 59.28 65.2 52.8 6.97 8.93 0.422 
18 69.72 55.5 40.9 5.79 8.55 o,46o 
19 71.41 54.2 40.7 5.82 8.48 0.466 
-• • eriment . 'Li l ts of Test Run Wo. 29 
Temperature, C 30.9 
Pipe P o s i t i o n V e r t i c a l 
Reynolds Number 1453 
Schmidt Number 2.43 
Test Mat er Lai ; i thalene 
3 ^ 
Densi ty , g/cra x 10 J 1.124 
Viscos i ty , g/cm-sec x 10 1.864 
2 
D i f f u s i v i t y , cm / s e c 0.068 
Date 10-19-65 
Durat ion of Run,sec 14000 





EeScD/z Nft x 10 Aw 
1 
(NUAB>loc v AB Ira 
; 1.97 2882.8 264.1 21 .41 35.20 0.048 
3.59 1579.0 206.8 17.13 28.00 0.068 
5 11.31 501.5 139.8 12.57 19.10 0.141 
: 12.88 44o.7 123.4 11.23 18.22 0.152 
c 23.34 243.0 102.6 10 .11 14.85 0.217 
• ; 24.91 227.8 100.0 9.96 14.55 0.225 
11 35.35 160.5 82.6 8.82 13.03 0.277 
12 36.88 153-9 78.3 8.44 12.85 0.284 
ik 47.28 120.0 67.9 7.76 11 .81 0.325 
15 48.94 115.9 69.6 8.03 11.67 0.332 
17 59.28 95.7 66 .8 8.18 11.05 0.370 
18 69.72 81.4 50.6 6.54 10.50 0.403 
19 7 l . 4 l 79.5 49.8 6.50 10.41 0.4o8 
of Test Run Tic. 30 
Date 11-12-6!; 
1.3.2^ Durat ion of Run, sec 
1.864 Average Diamete r , in . 1.627 
0.^63 
Section z in ReScD/z N x 10 ( f c j , (NuA V :," 
Aw v AB loe v AB'lm b 
Number Inches 
2 1.97 974.6 150.3 12.79 20.82 0.082 
3 3.59 533.8 117.3 10.38 16.66 0.117 
r 11.31 169.6 75.8 7.78 11.56 0.239 
; 12.88 149.0 -. 6.66 il.o4 O.256 
2 23.34 82.2 46.2 5.56 8.85 0.350 
9 24.91 77.0 44.1 5.39 8.64 O.361 
11 35.35 54.3 35.1 ._: 7.6o 0.429 
12 36.88 52.0 33.1 4.59 7.48 0.437 
14 47.28 4o.6 30.3 4.65 6.85 0.491 
15 48.94 39.2 32.1 5.00 6.78 0.499 
17 59.28 32.4 33.2 5.83 6.54 0.554 
18 69.72 27.5 22.4 4.39 6.33 0.602 
19 71.41 26.9 25.4 5.07 6.29 0.608 
Table 50. Exnerimental I 1 
Temperature. C 30.9 
Pipe P o s i t i o n 45 
Reynolds Number 485 
Schmidt Number 2,43 
Test Mater ia l Naphthalene 
Dens i t ; ; . . 1 x 10 
Viscos i ty , g/cm-sec x 1C 
D i f f u s i v i t y , cm /sec 
.. 
Table 51. Experime .Its . f Test Run No. 31 
Temp erature, C 30.c 
Pipe Position 
Reynold? Number Q82 
Schmidt Number 2 .,43 
[est = rial _-. e 
-: 
: • . x 1 0 ~ 
Viscosity T/cm—sec x 10 
Diffus ivity, c m /st 0.068 
Date 11-01-65 
Duration of Run,sec 12500 




I n c h e s 
ReScD/; Nn x 10 Aw 
1 (Nu.Jn v A B ' l o c AB lm 
2 1.97 1949.5 208.1 17.05 26.00 0.052 
3 3.59 1067.8 167.4 14.08 21.30 0.077 
5 11.31 339.2 121.0 r .:- 15.48 O.167 
3 12.88 298. Q 10 S.7 10.31 14.91 0.181 
8 23.34 164 .k 79.9 8.40 12.44 0.261 
9 2*1.91 15^.0 76.7 8.17 12.18 O.271 
11 35.35 108.5 Vi . 6 .61 10.78 0.328 
12 36.88 i o4 .o 57.2 6.68 10 .61 0.335 
Ik 47.28 81 .1 47.5 5.94 9.67 0.379 
1 48.9k 78.4 51 .1 6.46 9.55 0.386 
i 59.28 64.7 46 .3 6.27 8.99 0.426 
18 69.72 55.0 35.1 5.06 8.50 0.461 
19 7 1 . kl 53.7 34.4 5.01 8.42 0.466 
Table 52. Experimental Results of Test Run N0. 32 
Temperature, °C 30.9 Test Material Naphthalene Date 10-29-65 
Pipe Position V;.' Density, g/cm x 10 1-136 Duration of Run, sec 14000 
Reynolds Number 1505 Viscosity, g/cm-sec x 10 1.864 Average Diameteri in. 1.609 
o 





ReScD/z N, x 10 
Aw (Nu.„)_ AB loc »Wlm c b 
2 1.97 2991.3 253.9 20.72 33.07 0.043 
3 3.59 1638.4 201,2 1.6.76 26.60 O.063 
5 11.31 520.4 140.8 12.68 18.55 0.133 
: 12.88 457.2 128.2 I I . 6 0 17.78 0.144 
23.34 252.2 101.3 9.98 14.68 0.208 
9 24.91 236.4 96.6 9.62 14.38 0.216 
1 1 35.35 166.5 86.8 9.24 12.92 0.267 
12 36.88 159.6 74.9 8.05 12.74 0 .273 
l 4 47.28 124.5 63.5 7.20 11.62 0.312 
15 48.94 120.3 62.9 7.2C 11.47 0.317 
17 59.28 99.3 60.3 7.26 10.73 0.351 
18 69.72 84.4 48.5 6 .11 10.13 O.381 
19 71 .4 l 82.4 45.5 5.78 10.00 0.385 
Table 53. Experimental Results of Test Run No. 33 
Temperature, C 30.9 Test Material p-Dichlorobenzene Date 12-08-6? 
3 3 Pipe Position Horizontal Density, g/cm x 10 1.131 Duration of Run,sec 7500 
Reynolds Number 751 Viscosity, g/cm-sec x 10 1.864 Average Diameter,in. 1.604 
2 
Schmidt Number 2.26 Diffusivity, cm /sec 0.073 
Sect ion z in ReScD/z Nft x 1 0 X J (NuRTJ, (NuRTJn CL 
Aw k AP/loc v AB;lm b 
Number Inches 
2 1.97 1383.8 195.2 13.26 22.15 0.062 
3.59 758.0 151.5 10.59 17.53 0.088 
11.31 2U0.7 io4.o 8.08 11.99 0.181 
' 12.88 211.5 95.7 7.58 11.1+9 0.195 
23.3^ 116.7 81.6 7.24 9.67 0.282 
9 24.91 109.3 76.5 6. '90 9.50 0.294 
11 35.35 77.0 68.5 6.87 8.73 0.365 
12 36.88 73.9 7 .51 8.67 0.375 
Ik 47.28 57.6 66.7 7.63 8 A 3 0.1+43 
15 46.94 55.7 67 .3 7.8U 8.1+0 0.1+53 
17 59.28 1+5.9 62,0 8.16 8.33 0.516 
18 69.72 39.1 48.4 7.17 8.24 0.570 
19 7 1 . 4 l 38.1 U8.4 7.30 8.22 0.578 
I • 
Table 5k. Experimental Results of Test Run No. 34 
Temperature, C 30.9 
Pipe Position Horizontal 
Reynolds Number 72 9 
Schmidt Number 2.26 
Test Material -D:i chlorobenzene 
1.121 3 -3 
Density, g/cm x 10 
Viscosity, g/cm-sec x 10 
2 




Duration of Run,sec 9000 
Average Diameter,in. 1.620 
S e c t i o n z in ReScD/z N x l O 1 0 
Aw ^ A B ^ l o c (NUAB>lm Cb 
Number I n c h e s 
2 1.97 1357 .6 2 3 6 . 7 1 6 . 5 9 3 1 . 9 8 0 . 0 9 0 
3 3 .59 7^3 .6 1 7 4 . 6 1 2 . 6 8 2U.15 0 .122 
5 1 1 . 3 1 236 .2 1 0 3 . 0 8.U7 1 4 . 9 8 0.221+ 
6 1 2 . 8 8 207 .5 9 0 . 9 7 .62 l 4 . l 4 0 . 2 3 9 
8 2 3 . 3 4 114 .5 7 9 . 1 7.1+6 1 1 . 1 9 0.321+ 
9 2 4 . 9 1 1 0 7 . 3 7 6 . 7 7 . 3 6 1 0 . 9 5 0 .335 
1 1 3 5 . 3 5 75 .6 7 2 . 2 7 . 8 0 9 .95 0.1+09 
12 3 6 . 8 8 7 2 . 5 7 2 . 0 7 . 9 2 9 .87 0.1+20 
Ik 1+7.28 56 .5 6 5 . 7 8 . 1 9 9 . k7 0 . 4 8 8 
15 4 8 . 9 4 54 .6 6 6 . 3 8.U4 9M 0 A 9 9 
17 5 9 . 2 8 4 S . 1 6 3 . 3 9 . 2 3 9 .32 O.563 
18 6 9 . 7 2 3 8 . 3 4 9 , 2 8 . 2 3 9.21+ O.619 
19 7 1 . kl 3 7 . ^ 4 7 . 7 8 .16 9 .22 0 . 6 2 7 
Table 55- Experimental Results of Test Run No. 35 
Temperature, °C 30.9 Test Material p-Diehlorobenzene Date 12-09-65 
Pipe Position Horizontal Density, g/cm x 10 1.133 Duration of Run,sec 7500 
Reynolds Number 1336 Viscosity, g/cm-sec x 10 1.861+ Average Diameter,in. 1.598 
2 
Schmidt Number 2.26 Diffusivity, cm /sec 0.073 
S e c t i o n z in ReScD/z NA x 10"
U 
Aw (NuATJ, ^ AB l o c ^ i m c b 
Number I n c h e s 
2 1.97 25M+.3 2 8 2 . 3 1 8 . 8 3 3 0 . 7 9 0.01+7 
3 3 .59 1393 .6 2 2 1 . 5 1 5 . 1 0 2U.55 0 . 0 6 8 
5 1 1 . 3 1 1+1+2.6 153 .2 11.31+ 1 6 . 8 8 0.11+1 
6 1 2 . 8 8 388 .9 1 3 7 . 7 10.3!+ 16.11+ 0 . 1 5 3 
8 2 3 . 3 ^ 211+.5 1 2 2 . 3 10 .00 13,1+7 0 .222 
9 2 ^ . 9 1 201 .0 l l l + . l 9.1+1+ 1 3 . 2 3 0 . 2 3 2 
1 1 35 .35 11+1.6 1 0 1 . 3 9 .05 1 2 . 0 6 0 . 2 8 9 
12 3 6 . 8 8 1 3 5 . 8 1 0 1 . 9 9 .20 1 1 . 9 k 0 . 2 9 6 
Ik 1+7.28 105 .9 8 8 . 1 8 .57 1 1 . 2 7 0 . 3 ^ 7 
15 1+8.9!+ 102 .3 8 6 . 7 8.51+ 1 1 . 1 8 0.35*+ 
17 5 9 . 2 8 81+.5 8 8 . 6 9 .39 1 0 . 7 9 0.1+00 
18 6 9 . 7 2 7 1 . 8 7 1 . 8 8 .18 10.1+9 0.1+43 
19 71.1+1 7 0 . 1 7 1 . 3 8 .22 10.1+1+ 0.1+1+9 
Table 56. Experimental Resu l t s of Test Run No, 36 
Temperature, C 30.0 
Pipe P o s i t i o n V e r t i c a l 
Reynolds Number 742 
Schmidt Number 2.26 
Test Mater ia l p-Dichlorobenzene 
1.131 
3 3 
Density, g/cm x 10 
Viscosity^ g/cm-sec x 10 
2 




Duration of Run,sec 8000 
Average Diamete r , in . 1.6o4 
Section z in ReScD/z N xlO 1 0 (Nil ) n (NuRTJn 
# 
/ Aw AB loc AB'ln: b 
Number Inches 
2 1.97 1366.8 203.2 13.90 24.45 0.069 
2 3.59 748.7 154.8 10.92 19.02 0.097 
5 11.31 237.8 99.2 7.80 12.49 0.190 
c 12.88 208.9 88.0 7.04 11.88 0.203 
• 23.34 115.2 70.8 6.28 9.55 0.282 
9 24.91 108.0 67.9 6.11 9.34 0.292 
11 35.35 76.1 55.1 5.43 8.29 0.353 
12 36.88 72.9 55.9 5.58 8.17 O.361 
Ik 47.28 56.9 47.6 5.16 7.56 0.412 
15 48.94 55.0 49.3 5.41 7.48 0.420 
17 59.28 45.4 46.6 5-57 7.14 0.467 
18 69.72 38.6 33.2 4'. 28 6.81 0.506 
19 71.41 37.7 31.7 4.14 6.75 0.512 
Table 57. Experimental Results of Test Run No. 37 
Temperature, C 30.9 Test Material p-Dichloro"benzene Date 12-20-65 
3 3 
Pipe Position Vertical Density, g/ci:"' x 10"' 1.114 Duration of Run, see 7500 
Reynolds Number l425 Viscosity, g/cm-sec x 10 1.864 Average Diameter,in. 1.6l0 
Schmidt Number 2.23 Diffusivity, cm /see 0.074 




AR;loc (NUAB>lm a 
b Number Inches 
2 1.97 2636.3 316.8 21.08 36.75 0.054 
3 3.59 1444.0 242.7 16.54 28.65 O.076 
5 11.31 458.6 174.7 13.01 19.24 0.154 
6 12.88 403.0 156.6 11,84 18.42 c 167 
o 23.34 222.3 129.2 10.70 15.23 0.239 
9 24.91 208.3 122.5 10.27 14.93 0.249 
11 35.35 146.8 99.5 9-02 13.38 0.305 
12 36.88 140.7 94.6 8.66 13.19 C.313 
14 47.28 109.7 79.7 7.80 12.10 0.357 
15 48.94 106.0 80.5 7.95 11.96 0.363 
17 59.28 87.5 74.0 7.79 11.25 0.402 
18 69.72 74,4 57.6 6.42 10_63 0.435 
17 7l.4l 72.7 52.7 5.92 10.52 0.440 
Table 58. Experimental Results of Test Run No. 38 
Temperature, C 30-9 
Pipe Position 45 
Reynolds Number 724 
Schmidt Number 2.26 
Test Material p-Dichlorobenzene 
1-133 
3 3 
Density, g/cm x 10 
Viscosity, g/cm-sec x 10 
2 





Duration of Run,sec 8000 
Average Diamete r , in . 1.628 
Section z in ReScD/z 
10 
IT x 10 (Nu,^)-, (flu.,.)-, 
* 
Aw v AB'loc v AB'lm b 
Number Inches 
2 1.97 1354.5 229.0 16.02 26.13 0.074 
3 3-59 741.9 178.9 12.96 20.88 0.106 
5 11.31 235.6 119.0 9.86 14.50 0.218 
6 12.88 207.0 104.7 8.86 13.88 0.235 
8 23.34 11.4.2 82.9 8.02 11.46 0.331 
9 24.91 107.0 79.0 7.79 H.23 0.343 
IX 35.35 75.4 67.2 7.47 10.17 0.417 
12 36.88 72.3 65.8 7.43 10.06 0.427 
14 47.28 56.4 58.9 7.46 9-49 0.490 
15 48.94 54.5 59.5 7.70 9.42 O.499 
17 59.28 45.0 58.1 8.52 9.19 0.559 
18 69.72 38.2 43.1 7.15 9.00 0.610 
19 71.41 37.3 42.1 7.12 8.95 0.617 
Table 59- Experimental Results of Test Run No. 39 
Temperature, C 30.9 
Pipe Position 45 
Reynolds Number 1360 
Schmidt Number 2.26 
Test Material p-Diculorotenzene Date 12-29-65 
1*135 Duration of Run,sec 76OO 3 3 
Density, g/cm x 10 
Viscosity, g/cm-sec x 10 
2 . 
Diffusivity, cm /sec 
4 1.864 
0.073 





ReScD/z Nft x 10 Aw 
10 N O lo ^Vlrc 
2 1.97 2551.9 299.1 20.53 33.94 0.052 
3 3.59 1397.7 233.6 16.42 26.96 O.C74 
5 11.31 444.0 154.2 11.33 18.28 0.152 
6 12.88 390.1 137.0 10.66 17.42 0-164 
8 23 .3^ 215.1 112.8 9.55 14.15 0.231 
9 24.91 201.6 109.5 9.38 13.86 0.240 
11 35.35 142.1 94.6 8.74 12.45 0.296 
12 36.88 136.2 92.5 8.64 12.29 0.303 
11+ 47.28 106.2 79.2 7.92 l l . 4 i 0.349 
15 48.94 102.6 79.3 8.01 11.30 0.356 
17 59.28 84.7 76.0 8.21 10.74 0.398 
18 69.72 72.0 62.7 7.23 10.29 0.435 
19 71 .4 l 70.3 6 l . 4 7.15 10.22 0.441 
183 
Table 60. Results of Concentration Measurements 
Run No. Temp., ReScD/z R Concentration Relative^to 
& Position Wall Concentration, C 
Date & Re No. 
13 38.2° C 27.8 
10-05-65 Horiz. 
46l 
16 38.2° C 
10-01-65 Horiz. 
1.426 
24 30.9° C 
10-15-65 Horiz. 
468 
25 30.9° C 60.0 
IO-I.2-65 Horiz. 
990 
0 . 8 6 0 .75 
0 . 7 8 0 . 6 6 , 0 . 7 6 , 0 . 7 1 
0 . 6 3 0 . 5 8 , 0 . 6 7 , 0 . 6 l 
0 . 3 1 0 . 4 8 , 0 . 4 6 
0 . 0 0 c.4o, 0 . 3 9 , 0 . 3 5 , 0 . 3 3 
0 . 4 3 , 0 . 4 4 , 0 . 2 7 , O.56 
0 . 3 1 0 . 3 8 , 0 . 3 6 
0 . 6 3 0 . 6 0 , 0 .56 
0 . 7 8 0 . 7 0 , 0 . 7 0 
0 . 8 6 0 . 7 7 ; 0 . 7 8 
0 . 8 6 0 . 8 8 , 0 . 8 7 
0 . 7 8 0 . 7 7 , 0 . 7 1 , 0 .86 
0 . 6 3 0 . 3 5 , 0 . 3 0 , 0 . 3 0 , 0 . 2 5 
0 . 3 1 0 . 2 8 , 0 .35 
0 .00 0 . 2 9 , 0 . 2 8 
0 . 3 1 0 . 3 8 , 0 . 3 1 , 0 . 3 0 
0 . 6 3 0 . 5 6 , 0 . 4 4 , 0 . 4 8 , 0 . 5 1 
0 . 7 8 O . 6 3 , 0 . 7 2 , 0 . 7 5 
0 . 8 6 0 . 7 8 , 0 . 7 2 
0 . 8 6 0 . 8 8 , 0 . 9 1 
0 . 7 8 O . 8 3 , 0 . 8 9 , 1.04 
0 . 6 3 0 . 7 1 , 0 . 8 3 
0 . 3 1 O.58 
0 . 0 0 0 . 4 6 
0 . 3 1 0 . 5 2 
0 . 6 3 0 . 6 8 , 0 . 7 3 
0 . 7 8 0 . 7 1 , 0 . 7 7 
0 . 8 6 0 . 8 3 , O.83 
0 .86 0 . 6 2 , 0 . 6 7 
0 . 7 8 0 . 5 2 , 0 . 8 1 , O .65 , 0 .60 
0 . 6 3 o . 4 i , 0 . 3 1 , O.36 
0 . 0 0 0 . 3 6 , 0 . 3 4 , 0 .34 
0 . 6 3 0 . 5 7 , 0 . 6 l 
0 . 7 8 0 . 6 4 , O.65 
0 . 8 6 0 . 7 2 , 0 . 7 3 
Taole 60. (Continued) 
Run No. Temp., ReScD/z R Concentration Relative^_to 
& Position Wall Concentration, C 
Date & Re No. 
30.9° C 88.3 
IO-I9-65 Vert 
1U5 3 
30 30.9° C 29.8 
II-12-65 ^5° 
i+85 
0.86 0 .68 , O.69 
0.78 o .59 , 0.53 
0.63 0.1+6, oAo 
0.31 0 .39 , 0.39 
0.00 0 .38 , 0.36 
0 .31 0. if 2, o.Uo 
0.63 o.<9;, 0 .46 , 0.46 
0.78 0 .68 , 0 . 6 1 , 0.65 
0.86 0 . 7 3 , 0 .84 , 0 .71 
0.86 1 .01, 1.10 
0.78 0 .9^ , 0.98 
O.63 0 .7^ , 0 .78 , 0 .71 
0 .31 oM> o.4o 
0.00 oM, 0.34, 0.33 
0.31 o.kk, o.4o 
0.63 0 .60, 0.64 
0.78 0 .79, 0 .81 
0.37 
0.86 0.95, 0.79, 0.70, O.90 
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